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Chapter 1

Abstract

Of the five senses, vision is probably of prime importance for most mammals.
Central to visual perception is the retina, a stratified neurosensory tissue lining the
back of the eye. It comprises one glial and six neural cell types and is embedded
in the retinal pigment epithelium. Light is detected by photoreceptors, modulated
by interneurons and forwarded to the brain via ganglion cells.

For decades, research was conducted on animal models, however, not all aspects
of development and disease can be approximated therein. Recently, an in vitro
cultivation system termed organoids was established. Mouse pluripotent stem
cells have been aggregated and cultivated in the presence of extracellular matrix,
leading to the differentiation of free-floating retina-like tissues. While organoids
offer immense opportunities for research, they also have inherent limitations: they
lack the retinal pigment epithelium cells, are developmentally restricted to stages
comparable to early postnatal development, and their cultivation time is limited
to approximately 30 days.

In this work, we sought to address these limitations and improve the organoid
system. This should be achieved by a more complex in vitro cultivation system via
the combination of retinal cells with micro-3D printed substrates. The established
method of direct laser writing was employed to fabricate these 3D scaffolds. This
method excels at generating larger-scaled substrates with an accuracy within the
sub-micron range.

The differentiation and cultivation of retinal organoids was established and
further improved by implementing modifications to published protocols. By this
a significant increase in the efficiency of retinal induction was achieved.

Three-dimensional substrates consisting of pillar arrays with a height of 70 µm
and a radius of 3.5 µm, distanced 20 µm from edge to edge were designed. These
substrates were permissive to modifications via protein coating, thereby offering a
suitable growth environment for cells.

In a next step, retinal organoids were enzymatically and mechanically disso-
ciated to a single cell suspension and seeded on laminin-coated 3D substrates.
Organoid-derived retinal tissues cultivated in 3D substrates were analysed for
their viability, cellular composition and organization. The 3D substrates had
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1 abstract

no adverse effect on the viability and all major retinal cell types were present.
In some cases, a preferential organization in axial direction was observed with
photoreceptor-like cells preferentially localizing to the upper part of the substrates.
Furthermore, the cultivation time in the 3D substrates was prolonged to up to 50

days.
In this thesis, a long-term in vitro cultivation system combining retinal organoid-

derived cells and direct laser writing-fabricated 3D substrates was successfully
established. In successive work, further analyses and modifications of the system
could be performed.
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Chapter 2

Zusammenfassung

Unter den fünf Sinnesempfindungen nimmt das Sehen für die meisten Säugetiere
die zentralste Rolle ein. Das Sehvermögen wird durch die Retina bewerkstelligt,
einem geschichteten neurosensorischen Gewebe das den Augapfel auskleidet. Die
Retina besteht aus Müller Gliazellen und sechs neuronalen Zelltypen und ist in
das retinale Pigmentepithel eingebettet. Licht wird durch die Photorezeptoren
detektiert, von Interneuronen verarbeitet und über die Ganglienzellen an das
Gehirn weitergeleitet.

Seit Jahrzehnten werden für die Wissenschaft Tiermodelle verwendet, allerd-
ings können diese nicht alle Aspekte der Entwicklung und Erscheinungsbilder von
Erkrankungen widerspiegeln. Vor kurzem wurde ein in vitro Kultivierungssystem
eingeführt, das als Organoide bezeichnet wird. Pluripotente Mausstammzellen
wurden aggregiert und in der Gegenwart von Extrazellulärer Matrix weiter kul-
tiviert. Dies führt zur Differenzierung von freischwimmendem Gewebe, das einer
Retina ähnelt. Während Organoide unzählige Möglichkeiten für die Wissenschaft
bieten, gehen sie auch mit einigen Beschränkungen einher: sie weisen nicht das
retinale Pigmentepithel auf, sind von der Entwicklung auf frühe postnatale Stadien
limitiert und ihre Kultivierungszeit ist auf ca. 30 Tage beschränkt.

In dieser Arbeit wurden Anstrengungen vorgenommen, die Beschränkungen
des Organoid-Systems auszugleichen und zu verbessern. Dies sollte durch die
Kombination mit mikro-3D gedruckten Substraten bewerkstelligt werden, um so
ein komplexeres in vitro Kultivierungssystem zu erlangen. Zur Herstellung der
Strukturen wurde die etablierte Methode des Direkten Laserschreibens verwendet.
Diese Methode eignet sich hervorragend, um großflächige Substrate mit einer
Genauigkeit jenseits der Mikrometer-Grenze, herzustellen.

Die Differenzierung und Kultivierung von retinalen Organoiden wurde etabliert
und durch Modifikationen des ursprünglich publizierten Protokolls verbessert.
Dadurch konnte die retinale Induktion in Organoiden signifikant verbessert wer-
den.

Die dreidimensionalen Substrate bestehen aus Säulenfeldern mit einer Höhe
von 70 µm, einem Radius von 3.5 µm und einem Kanten-zu-Kanten Abstand
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2 zusammenfassung

von jeweils 20 µm. Ferner können diese Strukturen durch Proteinbeschichtungen
weiter modifiziert werden, wodurch Zellen eine angemessene Wachstumsumge-
bung geboten wird.

In einem weiteren Schritt wurden retinale Organoide enzymatisch und mecha-
nisch zu einer Einzelzellsuspension dissoziiert und auf Laminin-beschichteten 3D
Substraten ausgesät. Von Organoiden abstammendes Gewebe in 3D Substraten
wurde auf die Viabilität, die Zusammensetzung der Zelltypen und die Organisa-
tion der Zellen überprüft. Die 3D Substrate zeigten keinen negativen Einfluss auf
die Viabilität der Zellen und alle Hauptklassen an retinalen Zellen waren vorhan-
den. In einigen Fällen konnte eine bevorzugte Orientierung in axialer Richtung
beobachtet werden. Photorezeptor-ähnliche Zellen lokalisierten bevorzugt in den
oberen Bereichen der Substrate. Außerdem konnte die Kultivierungszeit innerhalb
der Strukturen auf bis zu 50 Tage ausgeweitet werden.

In dieser Dissertation wurde ein in vitro Kultivierungssystem erfolgreich einge-
führt. Zur Verbesserung der Langzeitkultivierung wurden durch Direktes Laser-
schreiben hergestellte 3D Substrate mit von retinalen Organoiden abstammende
Zellen kombiniert. In nachfolgenden Arbeiten kann das System weiter analysiert
und Modifikationen vorgenommen werden.
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Chapter 3

Introduction

Animals are relying on five senses to navigate through and interact with their
surroundings. Depending on the various niches preferred by specific animals,
the predominant senses also vary. For humans and many other animals, vision
is the most important sense. It allows long- and short-range assessment of the
environment, including animate and inanimate objects.

The importance of vision was a strong motivation for studying the eye, its
morphology, composition, and development. Furthermore, its ease of accessibility
in model animals combined with the same developmental origin as the brain,
render the retina a suitable model system for morphological and developmental
processes in complex neuronal tissues.

Notable structures of the eye are the cornea, ciliary body, iris, lens, and retina.
The cornea is the outermost part of the eye. It is a transparent and avascular
connective tissue, adopting functions such as the primary structural and infectious
barrier (Eghrari et. al 2015). It is shaped flatter in the periphery and steeper
towards the centre, creating an aspheric optical system. Typically, the cornea
consists of an epithelium, stroma, and endothelium cell layer. Remarkably, the
cornea is a transparent structure, with the transparency being achieved via the
precise organization of stromal fibers and extracellular matrix (ECM) (DelMonte
and T. Kim 2011). The iris is a thin annular structure, which controls the size and
diameter of the pupil. Just behind the iris, the muscular structure of the ciliary
body is located. It is composed of the ciliary muscle and ciliary epithelium. The
muscle actively controls the shape of the lens, while the epithelium produces the
aqueous humor, which regulates the intraocular pressure and provides nutrition
to the avascular ocular tissue (Goel et. al 2013). Cornea, iris and ciliary body
facilitate a functional unit to regulate the amount of light able to enter the eye.

3.1 Retinal Development in Vivo

The retina is the neurosensory part lining the back of the eye. It is comprised of
three clearly distinguishable layers: the outer nuclear layer (ONL) with rod and
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Differentiation of photoreceptors in retinal cultures. 
A Single-plane image of dissociated retinal 
organoids cultivated in pillar array for a total of 49 
days. Photoreceptor markers rcvrn and rhodopsin 
are stained. Single channel and merged images are 
shown. A‘ Zoom-in of rcvrn+ cells. Two of the cells 
are also positive for the rod marker rhodopsin. D38 
sectioned organoid stained for rcvrn B and 
rhodopsin C. Rx-GFP depicted in green, DAPI blue, 
rcvrn magenta and rhodopsin red. Scale bars = 10 
µm.
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Figure 3.1: Organization and cell type specification during retinogenesis.
(A) Schematic overview of retinal organization in axial direction. The retina is
composed of three nuclear and two plexifom layers embedded in the RPE. (B)
Temporal progression of retinal development starting with embryonic day 10 (E10)
and lasting until postnatal day 12 (P12). For each cell type, three relevant markers
are listed. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer; IPL, inner plexiform layer; OPL, outer plexiform layer; RPE, retinal pigment
epithelium; RPC, retinal progenitor cells; GC, ganglion cell; HC, horizontal cell; AC,
amacrine cell; BC, bipolar cell; MGC, müller glial cell

cone photoreceptors (PR), the inner nuclear layer (INL) with bipolar, horizontal
and amacrine cells, as well as Müller glial cells, and lastly the ganglion cell layer
(GCL) with the retinal ganglion cells (GCs, Figure 3.1 A). Their axons coalesce
and form the optic nerve. The layers are also defined by the corresponding cell’s
functions: the PRs in the ONL detect light via photosensitive proteins of the opsin
family, the interneurons of the INL modulate, process and forward the stimuli
detected by the PRs to the GCs in the GCL, which forward the information via
the optic nerve to the superior colliculus in the brain (Barer and Sidman R. L.
1955; Scalia and Fite 1974). The general architecture and morphology of the eye is
largely conserved throughout the animal kingdom.

The retina is not only strictly organized in axial direction, but also shows
differential organization in lateral direction. Starting from the central point of
vision, the fovea centralis, which is an area of closely packed cones right in the
focus of the lens, the cellular composition shifts towards rod-domination in the
periphery. Along with the central to peripheral changes in cell composition, the
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3 .1 retinal development in vivo

retinal thickness also varies. While the retinal thickness is centrally at its lowest,
it rapidly increases and slightly falls off towards the periphery (E. K. Kim et. al
2017).

Rod and cone PRs not only show differences in distribution, but are also re-
sponsible for vision in different light levels and circumstances. Rod PRs are highly
sensitive and have Rhodopsin as light-sensitive photopigment. They function
in dim light and are integral to animal’s night vision. Cones are involved in
colour and high-acuity vision. Depending on the species, several subtypes can
be available, each containing one or more opsins sensitive to a different wave
length (Brzezinski and Reh 2015; Yen and Fager 1984). In addition to the neuro
retinal cells, the supportive monolayer of retinal pigment epithelium (RPE) is also
part of the retina. PRs are in direct contact with the ciliated RPE, which adopts
functions in metabolic support and in phagocytosis of spent outer segments. The
subsequent regeneration of all-trans-retinol back to functional 11-cis-retinal is also
mediated by the RPE (Kusakabe et. al 2009). Furthermore, the RPE also functions
as a source of signaling during development (Ha et. al 2017).

Throughout development, retinal progenitor cells (RPC) continue to differ-
entiate. This differentiation process follows a strict timeline. Progenitor cells
can be subdivided into early and late progenitor cells, depending on the relative
occurrence of their progeny. Birth-dating experiments in rat retina identified the
progeny of single progenitor cells via the injection of low amounts of virus leading
to the expression of β-galactosidase. Addition of a chromogenic substrate led to
the formation of a blue dye in infected cells, allowing a clear characterization of
cells via morphology and localization (Cepko et. al 1996; D. L. Turner and Cepko
1987). These experiments clearly showed the progeny of single progenitor cells,
allowing conclusions about the time of occurrence of retinal cell types (Figure 3.1
B). Accordingly, GC are the first cell type to arise from early retinal progenitors,
followed by horizontal, cone and amacrine cells. Late progenitor cells give rise to
rods, bipolar and Müller glial cells (Bassett and Wallace 2012; Cepko et. al 1996).

3.1.1 Basic Steps in Retinal Development

The experimental focus of this thesis is on the development of retinal structures
in vitro, therefore retinal development will be discussed in more detail in the
following chapters.

The very early steps of retinal development are shortly after the gastrulation.
In the anterior neural plate, the eye field is specified. This eye field contains all
the progenitor cells giving rise to the future eye structures. However, this eye field
is displaced shortly after gastrulation by prospective hypothalamic cells moving
rostrally within the neural plate (H.-s. Li et. al 1997; Wilson S. W., Houart C.
2004). This displacement disrupts the eye field into two separate optic vesicles
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(OVs) (Figure 3.2). A complex network of transcription factors is involved in
specifying the eye field, called eye field transcription factors (EFTFs) (Zuber et. al
2003). These EFTFs comprise Pax6, Six3, Six6, Rx, Lhx2 and Otx2. Most of these
factors are also involved in the development of other neural structures, but their
combined expression leads to the formation of the eye field (ibid.). The widespread
expression of the EFTF in other tissues renders the analysis and characterization
of their involvement during retinal differentiation more challenging.

Current models for establishing the eye field in mouse start with the presence
of Otx2 and Sox2 in the anterior neural ectoderm at E7.0, leading to the expression
of Rx at E7.5-E8.0, characterizing the prospective eye field. In the eye field, Lhx2,
Pax6, Six3 and Rx are expressed. Pax6 and Lhx2 work in concert to activate
expression of Six6, while Six3 suppresses wingless and int-1 8b (Wnt8b), a process
required to specify the anterior neural plate to neural retina fate (Heavner and
Pevny 2012; W. Liu et. al 2010; Zuber et. al 2003). It could also be shown that the
EFTFs are sufficient to generate eye fields by injecting their RNA simultaneously
into one blastomere at the two-cell stage. This leads to the ectopic expression of
RPE and even ectopic eyes in 20% of injected embryos. These eyes were detected
near the central nervous system, but also in other areas of the embryo. EFTFs
could also be induced via the combined action of Otx2 and the neural inducer
and bone morphogenetic protein-inhibitor Noggin (Zuber et. al 2003).

EFTFs not only have important functions during the specification of the eye
field, but they are also essential during eye development (Tétreault et. al 2009;
Wawesik S., Maas R. L. 2000). Animals with defects in Pax6, Lhx2 and Six3 show
malformations and developmental defects, ranging from microphthalmia to the
arrest of development at optic cup (OC) stages (Glaser et. al 1994, 1992; Hägglund
et. al 2011; Hever et. al 2006; Tétreault et. al 2009).

The central role of Rx during eye field establishment was shown in a Rx-
deficient mouse model, where mice failed to establish the eye field and expression
of EFTFs was lacking (Pariser et. al 2000). A potential function of Rx in cell
sorting during formation of the eye field was indicated in chimeric mice, which
contained wild-type and Rx deficient cells. The Rx deficient cells were segregated
during early steps and were never included in the formation of eye structures
(Medina-Martinez et. al 2009).

3.1.2 Formation of the Optic Vesicle and Optic Cup

After the eye field has been split into two domains and the walls of the dien-
cephalon evaginate, the OVs form (Figure 3.2). During early stages of development,
the pool of RPCs rapidly increases. Initially, this rise in proliferation was linked to
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3 .1 retinal development in vivo

the morphogenic event of OV evagination. However, it was shown that drastic
changes in cell morphology are central to the evagination events of the OV, along
with alterations of the basal lamina composition (Svoboda and O’Shea 1987).

The OV is subsectioned into different regions, each containing specific RPCs.
The specialized regions correspond to the presumptive neural retina, defined by
the expression of Vsx2, the presumptive RPE, defined by the expression of Mitf,
and lastly the presumptive optic stalk, which is defined by the expression of Pax2
(I. S. C. Liu et. al 1994; Nornes et. al 1990).

After the formation of the OV, a second larger-scale morphological change
occurs. Both, the lens placode and the OV coordinately invaginate, forming the
lens vesicle and the bilayered OC (Figure 3.2). During this process, the central
part of the OV, the presumptive neural retina, fold onto the peripheral parts, the
presumptive RPE (Jackson 1981). It was a long held assumption that the lens
placode is required for the invagination process (Hyer et. al 2003). However, in
vitro studies with pluripotent stem cells presented evidence that Rx+ domains are
able to invaginate in the absence of other structures like the lens placode (Eiraku
et. al 2011).

3.1.3 Splitting of RPE and Neural retina

Prior to OC formation, the retina is patterned into specific domains. During
this patterning process, a neural retina domain and an RPE domain emerges.
These domains are strictly exclusive and characteristic transcription factors are
expressed. In the presumptive neural retina, expression of RPC-markers like Vsx2,
Ascl1 and Pax6 are predominant (Wright et. al 2015). Vsx2 is a key regulator
of RPC proliferation and is also involved in mediating mitogen signaling, as it
controls correct timing and magnitude of hedgehog signaling (Rowan and Cepko
2005; Sigulinsky et. al 2008). Reports also indicate an involvement of Vsx2 in
the proliferation of RPCs via the interaction with G1-phase cell cycle regulators
(E. S. Green et. al 2003).

The RPE is characterized by the expression of transcription factors like Mitf and
Otx2. Loss of Mitf expression also disrupts the RPE development (Capowski et. al
2014). The expression of Mitf is induced by surrounding extraocular mesenchyme,
leading to the induction and maintenance of Mitf and Wnt13. Explant cultures in
the absence of extraocular tissue did not show differentiation to RPE (Fuhrmann
et. al 2000). Furthermore, a regulatory loop involving the retinal marker Pax6 has
been identified. Combined expression of Mitf and Pax6 suppress the expression
of fibroblast growth factors 15 (Fgf15) and Dickkopf-3 (Dkk3). A combination of FGF
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Figure 3.2: Splitting of the eye field and formation of the optic cup.
(I) The eye field (EF) is specified by a network of eye field transcription factors. (II)
Axially moving prospective hypothalamic (HY) cells lead to the separation of the
single eye field into two eye primordia. (III) The eye primordiums neuroepithelium
(NE) evaginates, forming the optic vesicle (OV). Upon direct contact with the surface
ectoderm (SE), the OV invaginates. The section of SE in apposition to the OV forms
the lens placode (LP). (IV) Invagination of the OV and LP lead to the formation
of the OC and lens veiscle (LV), giving rise to the lens later on. Secreted factors
of the surrounding mesenchyme (M) lead to the specification of the presumptive
retinal pigment epithelium (pRPE), while the central section of the OC faciliates
the presumptive neural retina (pNR). TE, telencephalon; DE, diencephalon; MB,
midbrain; A, anterior; P, posterior; D, dorsal; V, ventral
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and DKK3 was shown to promote neural retina formation by inhibiting canonical
WNT signaling and stimulating the expression of retinogenic genes like Six6 and
Vsx2 (Bharti et. al 2012).

The expression domains of Vsx2 and Mitf are exclusive and Mitf repression
via Vsx2 is required for the maintenance of neural retina identity in mammals
(Horsford et. al 2005).

3.1.4 Signaling Cascades Involved in Development

The well coordinated and precise development of all retinal cell types is achieved
by the interplay of transcription factors and signaling pathways, like those acti-
vated by bone morphogenetic proteins (BMP), fibroblast growth factors (FGF),
hedgehog (HH) and WNT. These pathways adopt important functions during
embryonic development by providing positional information to individual cells
(Basson 2012; Clevers 2006).

In chick, Bmps are expressed in the surface ectoderm and BMP-coated beads
were able to induce ectopic Mitf expression, thus leading to the differentiation
towards RPE fate. However, OC morphogenesis is disturbed in BMP-treated eyes
(Hyer et. al 2003; Müller et. al 2007). This is in contrast to studies in mammals,
indicating the requirement of BMP signaling for correct patterning, growth and
differentiation of the retina (Murali et. al 2005). In vitro, retinal fate could also be
induced via the addition of BMP4 (Kuwahara et. al 2015).

Sonic hedgehog (Shh) is expressed along the entire axial mesoderm and is in-
volved in the splitting process of the eye field into the future OVs. Mutations in
Shh lead to malformations in which the forebrain hemispheres fuse, resulting in
most severe cases in cyclopic embryos (Wallis and Muenke 1999). The neuroec-
todermal domain is sensitized by midline secreted FGF (M. Carl, F. Loosli and
J. Wittbrodt 2002). During retinal development, Shh is expressed in retinal GCs,
which themselves are also sensitive to SHH signaling. Additionally, SHH in com-
bination with Notch stimulates RPCs to remain proliferative over time (Miesfeld
and Brown 2019). SHH secreted from retinal GCs maintains the expression of
Pax2 in the optic stalk via expression of Vax1 (Bertuzzi et. al 1999; Dakubo et. al
2003).

Canonical WNT signaling is required during the differentiation of RPE. This
becomes apparent upon inactivation of WNT signaling, causing RPE to transd-
ifferentiate to neural retina (Westenskow et. al 2009). In the neural retina, the
canonical WNT pathway is suppressed by Rx, preventing the induction of poste-
rior fates (Martinez-Morales and Wittbrodt 2009). In the absence of WNT, FGFs
from the surface ectoderm are able to induce retinal fate via the expression of
Vsx2 (Horsford et. al 2005; M.-T. T. Nguyen and H. Arnheiter 2000).
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3.1.5 RPE-PR Interface

PRs are a specialized cell type with high metabolic activity, requiring a complex
polarized morphology and the presence of surrounding supportive structures
(Brzezinski and Reh 2015). Even though RPE and PRs develop from two different
sources, they form a functional unit in the adult retina. This is a key requirement
for correct visual function of the retina. PRs have a modified primary cilium,
the outer segment, where the light sensitive opsins reside in well-organized disc
structures (Dowling 1965; Robertis and Lasansky 1958). The outer segments are
also the point of contact to the RPE, where they are directly interacting with
the ciliated apical side (Strauss 2005). The RPE adopts a number of important
function:

Firstly, it facilitates the outer blood retinal barrier via the barrier function
gained from tight junctions (Naylor et. al 2019). Thus, an environment with
limited diffusion is created, which 1) allows passage of preferred solutes in an
active or inactive manner, 2) also allows transcytosis, the invagination and budding
of vesicles from either side of the cell in order to traverse the cell and release their
content on the opposite side and, 3) functions as a barrier to solutes, leading to the
degradation or transformation of solutes before they can cross the barrier (Rizzolo
et. al 2011).

Secondly, the RPE facilitates transport of nutrients from the blood to the PRs,
but also vice versa from the subretinal space to the blood (Gallemore et. al 1997).

Thirdly, as the retina is regularly exposed to light, photo-oxidation of lipids
is a regular occurrence (Girotti and Kriska 2004). Furthermore, reactive oxygen
species are accumulated, as the retina consumes high levels of oxygen (Country
2017; Cringle and Yu 2010; Cringle et. al 2006). The RPE works against these
detrimental effects by absorbing light with the characteristic pigments and having
a high number of antioxidants (Beatty et. al 2000; Frank et. al 1999).

Fourthly, the RPE phagocytoses spend PR outer segments and subsequently
regenerates the used up light sensitive pigments of the disc membranes. Absorp-
tion of light changes the conformation of 11-cis-retinal into all-trans-retinal, which
is metabolized to all-trans-retinol and transported to the RPE. The retinal pigment
epithelium-specific protein 65 kDa (RPE65) is responsible for isomerization of
all-trans-retinyl ester to 11-cis-retinol (Saari 2016).

Lastly, the RPE also adopts important secretory functions, secreting for ex-
ample the pigment epithelium derived factor (PEDF) and vascular endothelial
growth factor (VEGF) in a polarized manner. PEDF is secreted towards the retina,
functioning as a neuroprotective and antiangiogenic factor (Adamis et. al 1993;
Cao et. al 1999), while VEGF is secreted towards the choroid, maintaining the
intact endothelium of choriocapillaries (Burns and Hartz 1992). The sum of these
functions render the RPE a necessary supportive structure for PRs. This depen-
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dency is further demonstrated in diseases like age related macular degeneration,
where the RPE layer becomes dystrophic, leading to premature death of PRs as a
secondary effect (Mitchell et. al 2018).

3.2 Two-dimensional in Vitro Cultivation Systems

It has been a long sought-after goal to reliably produce retinal tissue in vitro.
As 2-dimensional (2D) cell culture has been the standard cultivation system for
most cell cultures in the last decades, first attempts of achieving this goal were
also conducted in a 2D-system. As the molecular processes underlying retinal
differentiation have been elucidated to a quite high degree, this knowledge was
transferred to an in vitro cultivation system. Using pluripotent stem cells and a
combination of inducing factors, various protocols were established and tested.

3.2.1 Differentiation by Recreating Stimuli

Seminal work in this direction was done by Deepak Lamba and Thomas Reh. Fore-
brain development is induced in vivo by antagonizing BMP and WNT signaling
(R. M. Anderson et. al 2002). This inhibition of BMP is achieved by factors like
Noggin, while DKK1 is an antagonist of the WNT/β-catenin signaling pathway
(Glinka et. al 1998). However, the combination of Noggin and DKK1 was thought
to promote anterior neural instead of retinal identity. Thus, as injection of IGF-1
mRNA in Xenopus embryos promoted eye induction, insulin-like growth factor-1
(IGF-1) was tested in addition (Pera et. al 2001).

A mixture of these proteins was tested for its potency in inducing retinal fate
in human embryonic stem cells (hESC). Indeed, after three weeks of cultivation,
more than 80% of the cells stained positive for the retinal marker Pax6, and of
these cells, 86% also stained positive for Vsx2, clearly indicating the RPC fate.
The addition of IGF-1 also proved integral, as the level of retinal induction was
markedly lower in the absence of IGF-1 (D. Lamba et. al 2006). Many cells in the
hESC-derived cultures also stained positive for markers of GCs (Tuj-1), PRs (Crx,
S-opsin, Rhodopsin, Nrl), bipolar cells (Pkcα) and horizontal cells (Prox-1).

In a follow-up study, the hESC-derived retinal cells were transfected with an
adenovirus expressing eGFP and transplanted into the intra-vitreal or subretinal
space of mice at birth or one day after birth. In these mice, migration of the trans-
planted cells into the retina was observed, which was absent in transplantation
in older-stage mice (D. A. Lamba et. al 2009). However, later studies showed
material transfer of donor and host cells, falsely suggesting a high level of correct
integration in transplanted cells (Pearson et. al 2016). In order to prove the
integration of human cells into the mouse retina, a staining for human-specific
marker proteins would be required.
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While the 2D cultivation system allows the differentiation of retinal cell types,
a clear structure and organization, as would be the case in vivo, is lacking. In
addition to neural retina cells, the 2D system is predestined to differentiate
monolayers of RPE. This approach has been readily used in the last two decades,
leading to the formation of well defined and pure monolayers of pigmented cells
(Buchholz et. al 2013; Croze et. al 2014; Foltz and Clegg 2017; Meyer et. al 2009).
Many of these protocols follow along similar lines, inducing retinal fate via the
addition of Noggin and DKK1. However, retinal and especially RPE fate was
further enforced via the addition of the transforming growth factor-β (TFG-β)
superfamily ligand Activin A. The resulting monolayers showed the characteristic
morphology, key marker expression verified via immunocytochemistry and qPCR.

3.2.2 Inducing Differentiation via Small Molecules

Purified proteins like Noggin, DKK1 and IGF-1 are sufficient to induce retinal
fate, and similarly, the in vivo situation can also be transferred to other tissues
in order to create viable in vitro protocols (Y. Kim et. al 2020). However, there
are downsides to the use of purified proteins: they are expensive, the variety is
limited, and they often function in a multitude of pathways. As an alternative, the
use of synthesized small molecules as a source of stimulation is explored (Artero-
Castro et. al 2019; Y. Kim et. al 2020; Qin et. al 2017). These small molecules are
inexpensive, can be produced in large quantities, and the number of potential
molecules is boundless. Additionally, when looking to translate protocols to a
clinical application, non-animal derived substances are required. A number of
protocols already demonstrate the usability of small molecules for retinal or RPE
induction. One of the first protocols using small molecules to induce retinal fate in
stem cells used the WNT inhibitor CKI-7 and the TGF-β 1 receptor activin receptor-
like kinase 5 (ALK5) inhibitor SB431542. Upon stimulation, the expression of key
retinal marker genes like Rx and Six3 was significantly increased.

In another study, the Wnt/β-catenin inhibitor IWR-1, the BMP pathway in-
hibitor LDN193189, and ALK5 inhibitor SB431542 were used in combination with
recombinant IGF-1 to induce retinal fate in induced pluripotent stem cells (iPSC)
(Zhu and D. A. Lamba 2018; Zhu et. al 2018). This protocol was directly compared
to the induction via Noggin, DKK1, and IGF-1 and proved a viable alternative
while still following current good manufacturing practice regulations.

Also for the differentiation of RPE, the use of small molecules was successfully
demonstrated. The addition of the neural inducer Nicotinamide and/or the anti-
tumor agent Chetomin, which was identified as a potent inducer of RPE fate in
stem cells, were tested (Maruotti et. al 2015). The resulting cells showed typical
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morphology, strong pigmentation, and expression of key marker genes. Again
underlining the usability of small molecules for the induction of retinal cell types
in vitro cultivation systems.

3.3 Three-dimensional in Vitro Cultivation Systems

While 2D-systems offer a means of cultivating retinal cells, the complexity intrinsic
to the tissue is lost. The application of 3-dimensional (3D) culture systems in the
context of retinal cell culture will be further discussed.

3.3.1 Differentiation of Retinal Organoids

Attempts to introduce viable 3D culture systems were started in the 1980s. A
cell suspension of dissociated day-6 embryonic chick retinae was reaggregated
in a rotary culture system. The dissociated cells started to quickly reaggregate
and an initial random alignment of retinal cells shifted towards a higher level
of organization with the occurrence of primary rosettes (Vollmer 1984). These
reaggregated retinae contained both neural retina and retinal pigmented epithelial
cells. Further work with reaggregated chick retinae revealed a dependency on the
specimens age and an organizing function of Müller glial cells and RPE (Layer and
Willbold 1989; Vollmer and Layer 1986a; Willbold et. al 2000). While a stunning
level of reaggregation and lamination can be achieved with the chick system,
comparable levels of lamination of any brain part could not be achieved with any
other animal system (Layer et. al 2002).

The reaggregation of chick retinae proved a viable method to follow tissue
(re)organization in vitro, but more meaningful mammalian or even human in
vitro 3D-systems were not possible. However, the isolation of embryonic stem
cells and the advent of induced pluripotent stem cells offered a completely new
tool-set to overcome this challenge (Martin 1981; Takahashi and Yamanaka 2006).
Using murine embryonic stem cells, the developmental biologist Yoshiki Sasai
conducted some seminal work that lead to the generation of stem cell-derived
in vitro culture systems. Aggregating embryonic stem cells in the absence of
serum led to the formation of embryoid bodies. Transition of these embryoid
bodies from a GMEM/KSR based medium to DMEM/F12/N2 was sufficient
to induce neuronal differentiation, resulting in apico-basally polarized cortical
tissue (Eiraku et. al 2008). However, tissue derived from mESCs started to lose
organization as the number of mitotic neuronal progenitor cells decreased. Still,
early differentiation events could be replicated in vitro.

Inspirations for improving the system were obtained from work on the in-
testinal system. The epithelium of the small intestine is organized in crypts and
microvilli. Even though the stem cells responsible for self-renewal of these crypts
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were identified based on their Lgr5-expression, the crypt structure could not be
maintained in long-term culture of isolated intestinal cells (G. S. Evans et. al 1992).
This circumstance could be changed by the addition of Matrigel to the isolated
cells, leading to the formation of crypt-like aggregates, which were able to be
passaged and maintained in a floating culture for several months (Sato et. al 2009).
Matrigel is a complex mixture of ECM, which was first isolated and characterized
from Engelbreth-Holm-Swarm mouse sarcoma cells (Kleinman et. al 1982). The
main components of Matrigel are laminin, type IV collagen, perlecan and entactin,
among a large number of other components like growth factors (Kleinman and
Martin 2005). As it is a biological product, concentrations of the single constituents
of Matrigel tend to vary from batch to batch.

Combining the protocol for murine stem cell-derived cortical aggregates with
Matrigel led to the formation of neural aggregates containing retinal tissue, there-
after termed retinal organoids (Eiraku and Sasai 2011; Eiraku et. al 2011). Re-
markably, retinal organoids show morphological characteristics and processes
similar to the development in vivo: by day 7, retinal domains (observable via a
Rx-GFP knock-in) evaginate from the main aggregate, and according to Eiraku
and colleagues, later on they again invaginate, forming an OC-like structure. As
of now, the underlying developmental processes of the in vitro culture system are
largely unknown.

Shortly after the first publication with mouse embryonic stem cells, the group
of Yoshiki Sasai was able to also achieve retinal organoids with human embryonic
stem cells. Slight adaptations of the protocol were sufficient to translate the
protocol to these cells (Nakano et. al 2012).

3.3.2 Organoids Reliably Replicate Retinal Differentiation

Establishing a cultivation system to potentially obtain larger quantities of retinal
cells has been a big feat, but the question arose if retinal organoids are able to
also replicate the developmental steps observed during the formation of retinal
tissue. Retinal development is temporally and spatially strictly organized and
robust. Consequently, the emergence of all retinal cell types follows a determined
temporal order and the localization is restricted to certain areas of the retina,
which can be distinguished into three characteristic layers (Ewart and Thin 1874).

Strikingly, retinal organoids largely followed the same developmental charac-
teristics observed in vivo. Eiraku and colleagues were able to show the presence of
the main retinal cell types as well as the layered organization of retinal organoids.
In most cases, organoids have distinguishable layers reminiscent of the outer and
inner nuclear layer, as well as the GCL (Eiraku et. al 2011). Furthermore, they
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were able to show a temporal progression in key marker gene expression. More
detailed work showed similarities in organoids and in vivo generated tissue when
comparing development of PRs (Kaewkhaw et. al 2015).

But not all features of a mature retina could be replicated in retinal organoids.
A key feature of PRs are outer segments containing the light sensitive pigments
(Dowling 1965). In early organoids, cells expressing PR markers were present,
but they were lacking outer segments. However, adaptations of the protocol
proved sufficient to generate inner segments, connecting cilia, outer segments, and
presynaptic structures in organoid-derived cones and rods (Gonzalez-Cordero
et. al 2017; West et. al 2012). Furthermore, Giorgia Quadrato and colleagues
presented evidence for the presence of active neuronal networks in six-month-old
retinal organoids (Quadrato et. al 2017).

Some publications also indicate an epigenetic memory intrinsic to repro-
grammed cells. Thus, iPSCs derived from retinal cell types are more efficient in
generating retinal organoids than iPSCs with a non-ocular source (Hiler et. al 2015;
L. Wang et. al 2018). In general, differences in efficiency for generating retinal
organoids can be attributed to the cell lines and differences in methodology, for
example the addition of relevant growth factors like IGF-1 (Mellough et. al 2015,
2019).

By now, powerful next generation sequencing techniques and methods to
characterize nuclear organization were also applied to analyse retinal development
in more detail. These studies focused on regulatory elements and gene regulatory
networks underlying retinal development (Brooks et. al 2019; Clark et. al 2019;
Z. Cui et. al 2020; Sridhar et. al 2020; L. Wang et. al 2018; Welby et. al 2017).

3.3.3 Applications for Retinal Organoids

Organoids are a versatile system, faithfully replicating early retinal differentiation
in an in vitro environment (Eiraku et. al 2011). As the required cell source
– pluripotent stem cells - is virtually inexhaustible, the potential scale-up of
organoids offers immense opportunities for various fields of basic and applied
science. Chief among these fields are tissue engineering and regenerative medicine.
Compared to traditional model systems like animal models, organoids can offer
the advantage of a human system permissive to also be genetically modified.
Furthermore, they hold the promise of a patient-specific model system for disease
modeling and drug screening (Guo et. al 2019; Huch et. al 2017). Diseases leading
to visual impairment and blinding are quite common, with an increased prevalence
in aging societies (Pascolini and Mariotti 2012). However, the underlying molecular
mechanisms can vary from humans to e.g. mice or rats, which are commonly used
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as a model system (Ahmad et. al 2018; Grenier et. al 2020; Hoshino et. al 2017).
Working with a human system allows a more faithful characterization of a given
disease.

Prominent diseases leading to blindness in humans are age related macular
degeneration or diabetic retinopathy (Araújo et. al 2018; Kaewkhaw et. al 2016;
Kruczek and Swaroop 2020; Pascolini and Mariotti 2012; Ponnalagu et. al 2017).
One characteristic of these diseases is the perpetual loss of PRs (Bharti 2019). PRs
are metabolically heavily reliant on the supportive RPE, with which they are in
close contact. In many degenerative diseases the RPE starts to degrade, resulting in
the death of the RPE. As a secondary effect, PRs lack the necessary support, leading
to insufficient nutrient supply and accumulation of waste products. Ultimately,
this also leads to the death of the PRs. In the mammalian system, the loss of PRs is
quite detrimental, as the pool of RPCs is depleted during development, rendering
damage to the retina permanent.

Organoids offer a almost infinite source of transplantable PRs. Many studies
focused on improving the quantity and quality of PRs obtained from organoids.
Hence, a number of publications and protocols are available for transplanting PRs
or progenitor cells in mouse and rat model systems (Gonzalez-Cordero et. al 2017;
Santos-Ferreira et. al 2016; Zhu et. al 2018). The upsides of retinal organoids for
basic research are immense. Access to retinal tissue in large quantities combined
with the option of introducing mutations of interest in a human system offers
new ways of analyzing the function of genes involved in retinal development and
homeostasis.

3.3.4 Limitations of the Organoid System

Organoids offer incredible opportunities for research and medical applications,
however, they are also inherently limited. As an in vitro system, organoids allow
large-scale production of tissue-like cell constructs, which can be even generated
from patient-derived cell sources (Clevers 2016; Deng et. al 2018; Drost and Clevers
2017; Dutta et. al 2017). The cultivation and differentiation process is often quite
sophisticated and complex. Many protocols require additions of animal-derived
products like Matrigel or recombinant proteins to succeed (Eiraku et. al 2011;
Kuwahara et. al 2015). Even though coaxing the pluripotent cell source into the
desired direction can be achieved for many tissues, it is an isolated system. In vivo,
many different tissues and cell types are involved during the development of any
given tissue. Consequently, the surrounding tissues create an individual niche via
e.g. production and secretion of key growth factors, generation of a matrix for the
tissue to attach to or limiting the expansion of the developing tissue. While these
factors can be approximated in vitro, the complexity is lacking compared to the in
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vivo system. Consequently, while the cells start to adopt the desired cell type, they
might still be lacking important characteristics of the matured cell type (DiStefano
et. al 2018; Kruczek and Swaroop 2020; Zhong et. al 2014).

Along the same line, the in vivo environment is complex and unique (Bonnans
et. al 2014). To constantly keep a developing tissue supplied with oxygen,
nutrients, minerals, and proteins, while at the same time removing waste products,
an intact vasculature is of central importance (Country 2017; Cringle and Yu 2010).
The vasculature is lacking in most in vitro system, but these functions can be
replicated via a proper cultivation system to some extent (Cakir, B. Xiang, Yangfei
et. al 2019; Pham et. al 2018). However, proper support and nutrient supply
can only be maintained to a certain tissue dimension. With organoids, passive
diffusion reaches a point of inefficiency, rendering more centrally located parts
of the organoid undersupplied with nutrients. The undersupplied regions tend
to become apoptotic with prolonged cultivation, leading to the occurrence of a
so-called necrotic core (Lancaster et. al 2013; Nickels et. al 2020).

3.4 Improved Culture Systems for Organoids

Three-dimensional cultivation systems like organoids offer immense benefits as
a cell cultivation system (Eiraku and Sasai 2011; Lancaster et. al 2013). Many
cell types can also be differentiated in a 2D cultivation system with the addition
of purified proteins or small molecules, but they lack the complex 3D structure.
Probably, the complex 3D structure also adds to the reliability of the system, as
this improves cell-cell interactions and also creates microenvironments similar to
the in vivo situation (Amin and Paşca 2018).

While organoids are a very potent in vitro system, they also come with a number
of downsides: growth and differentiation in organoids are limited, complex
interactions with surrounding tissues are missing, and nutrient supply is lacking,
which leads to the occurrence of necrotic cores in many protocols (Z. Cui et. al
2020; Lancaster et. al 2013; Nickels et. al 2020). In order to overcome these
limitations, various optimisations to the organoid protocol have been attempted.
These optimisations include the cultivation in bioreactors, the combination of
multiple cell types, offering a bio-mimetic environment and combining organoid
derived tissues with the complex environment of animals via transplantation
(Achberger et. al 2019; Bagley et. al 2017; Cakir, B. Xiang, Yangfei et. al 2019;
DiStefano et. al 2018; Mansour et. al 2018; Ovando-Roche et. al 2018; Pham et. al
2018).

Some of these optimisations were conducted in quite creative and sophisticated
manners. For example, the group of Jürgen Knoblich created an organoid-based
model system for the interaction of different brain regions by using organoids
of dorsal and ventral fate. One organoid of each fate was fused in a droplet
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of Matrigel, leading to the formation of a dorsal-ventral axis. This allowed for
example the identification of directed neuronal migration within these organoids
(Bagley et. al 2017).

To offer organoids another level of complexity, some groups also started to
transplant organoids into animal models. For example, cerebral organoids were
transplanted into mouse models, leading to vasculature-like structures and blood-
brain-barrier-like functions (Cakir, B. Xiang, Yangfei et. al 2019).

3.4.1 Bioreactors

Organoids are an aggregate of large quantities of cells. The larger they grow in
size, the higher their metabolic needs. Both, oxygen and nutrients, have to be
offered via the culture medium. However, the occurrence of necrotic cores in
organoid culture clearly indicates that nutrients and oxygen supplemented via
the medium are not able to permeate the whole organoid (Lancaster et. al 2013;
Nickels et. al 2020).

Bioreactors offer a means of increasing oxygen supply and distribution of
nutrients, increasing survival and differentiation efficiency, and also enhancing
the quality of 3D structures obtained (DiStefano et. al 2018; Ovando-Roche et. al
2018; Qian et. al 2016). Tyler DiStefano and colleagues cultivated murine retinal
organoids in rotating-wall vessel bioreactors under normoxia. They could identify
faster maturation in the bioreactors compared to organoids cultivated in static
conditions. D25 organoids in bioreactors showed similar levels of maturation and
transcriptome profile as those at D32 in static culture conditions. This indicates
that bioreactors offer more suitable culture conditions (DiStefano et. al 2018).
However, the authors also comment on a widespread downside of murine retinal
organoids: retinal organoids were not able to differentiate further under any of
the tested in vitro cultivation systems, suggesting that some other key factors are
missing under current cultivation conditions.

3.4.2 Co-culture of Organoids

In vivo, tissue differentiation is not an isolated process, but many extrinsic factors
are involved. These extrinsic factors include the bio-mechanical structure of
the environment, the cell types present in the surroundings, stimulating factors
secreted from nearby cells and their changes over time (Heavner and Pevny
2012). Organoids revealed an intrinsic program during development, which upon
activation led to the reliable differentiation towards a certain cell fate (Eiraku
and Sasai 2011; Lancaster et. al 2013). However, this intrinsic program and the
resulting differentiation is often limited, probably stemming from a lack of the
extrinsic factors. In order to emulate the in vivo situation, co-culture of organoids
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was attempted by a number of groups (Achberger et. al 2019; Akhtar et. al 2019;
Cattaneo et. al 2020; Dijkstra et. al 2018; Krencik et. al 2017; Nozaki et. al 2016).
These examples include co-cultures of astrocytes and neurons, leading to the
formation of a dynamic network, forming synapses. This system would allow
improved studies of circuit function and disease modeling (Krencik et. al 2017).
Co-culture systems were also employed in cancer research, combining T-cells
with cancer organoids and examining their reaction towards the cancerous tissue
(Cattaneo et. al 2020; Dijkstra et. al 2018).

For retinal systems, the co-culture of neural retina tissue with RPE was studied
throughout the last decades (Layer and Willbold 1989; Sheedlo and J. E. Turner
1992). Experiments in chick indicated that retinal cells can differentiate and mature
on their own in vitro, but the orientation was inverse. Only in the presence of
RPE the retinal cells were correctly organized (Layer and Willbold 1989). Further-
more, as the support of the RPE is important for the neural retina, co-cultures of
organoids and RPE were also attempted.

Seminal work in this field was done by Kevin Achberger and colleagues, who
combined stem cell-derived retinal organoids and RPE with a microfluidic system.
RPE was cultivated on a porous membrane and separate chambers were created
by polydimethylsiloxane (PDMS). Upon maturation of the RPE, retinal organoids
were cultured in close proximity of the RPE. Organoids were embedded in a
hyaluronic acid-based hydrogel to prevent direct contact of these organoids and
RPE, as this might lead to migration of cells. Underneath the porous membrane
with the RPE cultured on top, a media channel allowed media to perfuse. Thus,
an in vitro system of a neural retina-RPE construct with an active vasculature-like
system was achieved (Achberger et. al 2019). In this system, an enhanced outer
segment formation of PRs was evident and the RPE layer did show phagocytosis
of bovine retinal outer segments. Phagocytosis could also be observed in the
co-culture setup, where Rhodopsin+ particles were identified in the RPE layer.

Tasneem Akhtar and colleagues also reported a co-culture system of retinal
organoids and stem cell-derived RPE. RPE was grown to confluency and organoids
of the same age were added, leading to a direct contact co-culture. After two
weeks of co-culturing, retinal organoids were analysed for marker expression,
showing increased levels of PR marker gene expression (Akhtar et. al 2019). These
examples clearly indicate that there are ways of improving the organoid system
by adding more complexity via additional cell types, creating a system with
conditions more similar to the in vivo situation.

3.5 Three-dimensional Substrates for Biological Systems

For the majority of the last few decades, 2D cell culture systems have been
the predominant way of cultivating cells in vitro (Abbot 2003; Aoki et. al 2016;
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Kendall 2015; Philippeos et. al 2012). However, this is in stark contrast to the
in vivo situation, where cells are usually exposed to a 3D environment. This
environment encompasses surrounding tissues, their secreted soluble factors, and
cell-cell-interactions as well as the composition and mechanical properties of
the surrounding ECM. This microenvironment is subject to constant changes, as
the ECM is constantly remodeled, cellular composition might vary and levels of
soluble factors might fluctuate. This remodeling is an important factor contribut-
ing to the tissue homeostasis and dysregulations of the ECM composition and
structure can lead to severe diseases (Bonnans et. al 2014). The exact composition
of the ECM is dependent on the specific cell type and also can change through-
out development. A set of roughly 300 proteins makes up the variety of ECM
components.

In order to offer cells a cultivation system closely approximating the conditions
in vivo, the potential of various production techniques has been explored for
creating a suitable cell culture environment. These techniques range from additive
manufacturing techniques to methods employing biological substrates. As an
example for the latter, biological tissues are decellularized and reused as a scaffold
for the cultivation of new cells. This approach has been used for different tissues,
including bone, tendon, liver and even the retina (G. Chen and Lv 2018; Kundu
et. al 2016; S. Wang et. al 2017; Yang et. al 2018). After decellularization, only
the ECM backbone and the attached growth factors remain, offering a suitable
substrate for cell cultivation. For the decellularized retina system, bovine eyes
were used as a source, the retina isolated and decellularized in sodium dodecyl
sulfate. Thus, thin retinal films were created. These films were repopulated with
RPC and analysed for the engraftment, viability and differentiation capability of
seeded cells. Cells were able to adhere to the decellularized retina, survive for
seven days and differentiate to retinal cell types (Kundu et. al 2016). However,
this culture system was outperformed by fibronectin-coated tissue culture plates.
Therefore, decellularized retinal films are a potential biocompatible scaffold, but
even though the environment is quite similar to the in vivo situation, no beneficial
effect was observed compared to standard culture conditions. Furthermore,
these substrates have a limited availability and are an animal-derived product.
Considering these points, decellularized retinae do not seem like a viable culture
system. Additive manufacturing systems offer a means of generating custom 3D
substrates, which can be additionally modified with ECM proteins to offer a more
suitable environment to cells. There are a number of different manufacturing
systems, like hydrogels, electrospinning, inkjet printing, and direct laser writing,
which will be further discussed in the next sections.
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3.5.1 Hydrogel-based 3D Culture

Hydrogels are a bulk of polymers or proteins with a high water content. They can
be based on biological polymers like collagen, hyaluronic acid or Matrigel, but also
on synthetic polymers like poly(ethyleneglycol), poly(vinyl alcohol) and poly(N-
isopropylacralymide) (DeForest and Anseth 2012; Hughes et. al 2010; Masters et.
al 2004; Rault et. al 1996). Because of their high water content, hydrogels often
have a spongy structure, but depending on their composition, the stiffness can
range for example from compliant (E 2.5 kPa) to stiff (E 110 kPa) (Huebsch et. al
2010).

A number of different hydrogels were applied in the field of retinal cell culture.
Both, RPE and RPC were cultivated in hydrogels and successively transplanted
(J. Park et. al 2019; Shin et. al 2019). For RPC, increased levels of proliferation
were achieved in mussel-inspired hydrogels, as well as the promotion of retinal
differentiation (Tang et. al 2019). Hydrogels were also used for applications not
directly involving the cultivation of cells. A marine polysaccharide-based hydrogel
was tested as a substitute for the vitreous, but long-term safety and efficacy has to
be further assessed (Jiang et. al 2018).

3.5.2 Electrospinning

In electrospinning, a polymer solution is pumped through the tip of a needle. A
high-voltage electric field is set up between the injection needle and the collecting
surface. Upon reaching a critical value of the electric field, the repulsive electric
force overcomes the surface tension of the polymer solution, leading to a jet of
solution being ejected from the needle. The solvent then evaporates from the
polymer solution and fine dry polymer fibers remain (Chun et. al 2018; Zadeh et.
al 2019). The resulting fiber network is often spun randomly, but some groups
also try to align the fibers (Sperling et. al 2017), which presents different stimuli to
cells. While electrospun substrates show some level of topography, in most cases
they are closer towards 2D than 3D.

Electrospun fibers were also applied for cell cultures with retinal cells (Chan
et. al 2017). As a 2D culture system, electrospun fibers offer a perfect substrate
for the cultivation and differentiation of RPE. When cultivated on such substrates,
RPE cells adopted the typical honeycombed morphology and overall culture
was improved compared to controls, which has been demonstrated on multiple
accounts (Hotaling et. al 2016; Z. Liu et. al 2014). Additionally, electrospun
substrates can be applied for the cultivation of retinal GCs, leading to a shortening
of the differentiation process compared to 2D controls. The formation of functional
axons and the occurrence of action potentials were also demonstrated (T.-C. Chen
et. al 2019; K. Li et. al 2017).

23



3 introduction

3.5.3 Inkjet (bio)printing

Inkjet (bio)printing is a quite versatile field, with the technique having a common
source with the printing techniques used for common paper printing. Instead of
inks, other substances like polymers, proteins, DNA, and even cells are used to
print (Derby 2010; Singh et. al 2010). For printing, the object is created virtually
and its coordinates in space are used to guide a 3D-dispenser orifice. With these
coordinates, the object is printed in a layer-by-layer deposition process. Thus,
complex structures can be produced with feature sizes from low micro- to even
centimetre (Ligon et. al 2017). Free-standing, complex structures can be generated
which then can be used as a substrate for cell cultivation experiments.

Furthermore, inkjet printing can also be applied to directly deposit cells in
an organized manner. To this end, a cell suspension with high cell density is
prepared and used as bioink. Consequently, the suspended cells can be printed
in a controlled manner. Among others, cells for cartilage and bone, cardiac and
vascular, neural, and skin tissue have been successfully printed (X. Cui et. al
2012a,b; S. E. Kim et. al 2018; S. Y. Park et. al 2011; Xu et. al 2009; Yanez et. al
2015). Retinal GCs have also been printed (Lorber et. al 2014). While the authors
could show that the printing process does not have any adverse effects on cell
survival or morphology, a more complex application of this method regarding
retinal cells is still missing. There are also other drawbacks to inkjet bioprinting:
few materials can be used as bioinks, because inks have to fulfill certain criteria in
regards to viscosity. In addition, toxicity of the materials also has to be taken into
account (X. Li et. al 2020).

3.5.4 Direct Laser Writing

The direct laser writing (DLW) process is based on the simultaneous absorption of
two photons (two photon polymerization, 2PP). First attempts at 2PP were already
conducted in the 1960s, with limited success (Pao and Rentzepis 1965). One of the
critical aspects was the lack of powerful lasers. Roughly thirty years later, more
powerful lasers and more sensitive photoresists allowed successful realization of
the 2PP principle (Maruo et. al 1997).

By now, easy to use commercial set-ups are available, with powerful lasers and
well-developed photoresists offering a large variety of options. In principle, any
conceivable free-standing structure can be 3D printed via a 2PP system. Similar to
inkjet printing, the desired object is turned into a virtual object, yielding coordi-
nates for a piezo stage mounted on a microscope to scan. Via the movement of the
stage in x,y and z, the object’s focal point is moved in a volume of photoresist. The
simultaneous absorption of two photons is limited to the narrow focal volume of
the laser, leading to focused polymerization of the photoresist. This polymeriza-
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tion can be spatio-temporally well regulated, leading to the step-wise production
of the 3D substrate. After all coordinates have been scanned with the piezo stage,
the sample can be removed and cured by exposure to solvents. Depending on the
photoresist employed, the characteristics of the resulting structure can vary heav-
ily. For example, a photoresist based on poly(N-iso-propylacrylamide) generates
substrates, which can be actuated via changes in temperature or exposure to light
(Hippler et. al 2019).

Ultimately, the produced structure can then be used for further applications,
for example the cultivation of cells. In the last decade, this application has peaked
public interest, as DLW offers ways of generating substrates with custom design,
which can later on be further modified via protein coatings (Richter et. al 2017).
ECM proteins can be used as coating agent in order to enhance cell adhesion
to the substrate. Thus, DLW-generated custom substrates offer modifiable 3D
substrates for the cultivation of cells. Throughout the last decade, this avenue
has been explored quite actively, showing the feasibility of this approach in
mechanobiology (Autenrieth et. al 2016).

Other areas of biology have also been combined with DLW-generated 3D
substrates. For example, 3D substrates were used for the cultivation and expansion
of stem cells. Cage-like structures were generated and used for mesenchymal
stem cells cultivation (Nava et. al 2017; Raimondi et. al 2013; Zandrini et. al 2019).
Furthermore, stacked ring-like composite structures were used to differentiate
mesenchymal stem cells in an osteogenic direction (“Osteogenic differentiation of
human mesenchymal stem cells in 3-D Zr-Si organic-inorganic scaffolds produced
by two-photon polymerization technique” 2015). Multiple groups also used 3D
substrates for the cultivation of neurons. The respective substrate designs varied
heavily, ranging from free-standing woodpile-like structures for colonization and
cultivation of neuroblastoma cells, over free-standing tower-like structures which
offer a substrate for long-term cultivation of pluripotent stem cell-derived neuronal
cells, to sophisticated networks of microtowers and free-standing microtubes,
facilitating a network-like structure. Cells cultivated in the latter structure are
guided along defined paths, showing electrophysiological properties after ten
days of cultivation (Accardo et. al 2017; Fendler et. al 2019; Turunen et. al 2017).

DLW-substrates were also used in combination with retinal cells. Many of
these applications are aimed at a short-term cultivation platform and later usage
as a cell-laden graft for transplantation (McUsic et. al 2012; Worthington et. al
2017). First work in this direction was done by Andrew McUsic and colleagues,
using microchannel substrates made out of poly(lactic-co-glycolic acid). Disso-
ciated neonatal mouse retina was seeded in the microchannel array, leading to
engraftment and growth of the cells. Stainings of Otx2 as ONL and Pax6 as GCL
markers indicated an organization in 3D, with a preferential localization of Otx2

+
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cells to the bottom of the 3D substrate, while Pax6
+ cells were localized to the top.

Stem cell-derived retinal cells showed similar trends, but the extent of separation
was not as evident (McUsic et. al 2012).

The basic 3D substrate design was maintained by Kristan Worthington and
colleagues, with slight changes. They included microchannels at the vertical faces
of the substrate as well as walls surrounding the substrates. Stem cell-derived RPC
were seeded in these substrates and demonstrated attachment to the substrate,
migration into the microchannels, and the formation and extension of neuronal
processes (Worthington et. al 2017). In later work they showed the feasibility of
these 3D substrates as a cell graft for transplantation experiments. Cell-laden 3D
substrates were transplanted in a porcine animal system, revealing no adverse
effects of the 3D substrates and a favourable biocompatibility profile. In this
publication, the photoresist was based on poly(caprolactone), a polymer with
biodegradable properties (Thompson et. al 2019).

Overall, some work has been done combining DLW-generated 3D substrates
with cell cultures, but little work has been done in regards to long-term cultivation
of cell constructs in 3D substrates.
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Chapter 4

Motivation and aim

Studies revolving around the eye and retina have been conducted in model
animals for many decades, leading to a deep and detailed understanding about the
morphology and functionality. From early studies characterizing the morphology
of retinal cells, over studies identifying the generation and birth order of the
various cell types to studies elucidating the molecular basis of the organization
and functionality of the tissues, animal system have assumed an integral role
(Cepko et. al 1996; Wade 2008). However, more extensive regulations and growing
costs for animal models, as well as the wish for more flexible and scaleable systems
called for in vitro systems to faithfully replicate tissue development.

One decade ago, this dream was realized with the advent of retinal organoids
(Eiraku et. al 2011). Aggregation of pluripotent stem cells and their successive
cultivation in a mixture of ECM proteins lead to the spontaneous generation of
retinal tissue in a petri dish. This method was rapidly adopted by the community
and a growing body of literature is available characterizing and applying retinal
organoids for research. While they show the formation of a retina-like tissue
containing all relevant neural retina cell types organized in separate layers, their
differentiation potential is limited and starting from murine stem cells, organoids
also lose their characteristic morphology with extended cultivation. Furthermore,
while the neural retina is quite faithfully replicated, the supportive structure of
the RPE is missing in most protocols.

In the last years and decades, various 3D manufacturing methods were devel-
oped and rapidly improved, leading to robust and reliable ways of fabricating 3D
structures. These structures can be applied in cell culture to offer a defined 3D
growth substrate.

In this thesis, establishing the differentiation and cultivation of retinal cells in
in vitro culture as well as devising and starting the fabrication of 3D substrates
were initial goals. When reaching these goals, a combination of retinal cells and
3D substrates would be the next step.

For differentiating mouse embryonic stem cells to retinal fate, the organoid
protocol as well as induction via small molecules and inhibitors are viable options
and would be examined. Fabrication methods for 3D substrates are manifold.
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The system serving our needs best would be a 2-photon lithography setup. High
spatio-temporal resolution and already established photoresists render this a
perfect option for the present application. Thus, a new scaffold design would be
drafted and its viability in the production process would be tested.

Upon succeeding with the retinal differentiation and fabrication of 3D growth
substrates, the two constituents would be combined. This could be achieved via
different approaches: directly placing retinal organoids on the 3D substrate or
dissociating the organoids to a single cell suspension and successively seeding the
cells on the substrate. While some publications show the combination of various
tissues and cell types with 3D substrates, it remains to be seen how retinal cells
perform during long-term cultivation in 3D substrates. Assessment of the viability,
as well as the presence of all relevant retinal cell types and the spatial organization
within the 3D substrates would be of interest.

Furthermore, in order to ultimately include all cell types in an organotypic
cultivation system, separate differentiation of RPE should also be pursued. Com-
bining both, RPE and neuroretina would lead to a more meaningful in vitro system
and thus be a long-term goal.
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Chapter 5

Materials and Methods

5.1 Devices

Table 5.1: Devices

Description Company Application

Nanoscribe Photonic Pro-
fessional

Nanoscribe Fabrication of 3D sub-
strates

Leica CM3050 Cryostat Leica Cryosectioning of tissues

5.2 Microscopes

Table 5.2: Microscopes

Description Company Objective

Primovert Zeiss Plan-Achromat 4x/0.1
Plan-Achromat 10x/0.25

AxioObserver Z1 Zeiss CP-Achromat 10x/0.25

LSM 510 meta Zeiss C-Apochromat
40x/1.2 Water

LSM 800 Zeiss Plan-Neofluar 10x/0.3,
Plan-Apochromat
40x/1.4 Oil,
C-Apochromat
40x/1.2 Water

Supra 55 VP Zeiss N/A
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5.3 Antibodies

Table 5.3: Primary Antibodies

Antigen Concentration Host Supplier Dilution

Calbindin N/A Mouse Mcl Swant; Prod-
uct # 300

1:2000

Calretinin N/A Rabbit Swant; Prod-
uct # 7697

1:2000

Islet 1 200 µg/ml Goat Pcl R&D Systems;
AF1837

1:200

Laminin N/A Rabbit Pcl Sigma-
Aldrich;
L9393

1:100

MiTF N/A Mouse Mcl Exalpha;
X2398M

1:200

Otx2 200 µg/ml Goat Pcl R&D Systems;
AF-1979

1:500

Pax6

(AD2.35)
200 µg/ml Mouse Mcl Santa Cruz

Biotechnol-
ogy; sc-53108

1:100

Recoverin N/A Rabbit Pcl Merck Milli-
pore; AB5585

1:1000

Rhodopsin N/A Mouse Mcl Merck Milli-
pore; O4886

1:1000

RPE65 1 mg/ml Mouse Mcl Invitrogen;
MA116578

1:100

Synaptophysin N/A Mouse Mcl Merck Milli-
pore; S5768

1:1000

Sox9 200 µg/ml Goat Pcl R&D Systems;
AF3075

1:200

Vsx2 200 µg/ml Mouse Mcl Santa Cruz
Biotech-
nology;
sc-374151

1:100

ZO-1 200 µg/ml Rat Mcl Santa Cruz
Biotechnol-
ogy; sc-33725

1:100
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Table 5.4: Secondary Antibodies

Antigen Fluorophor Host Supplier Concentration
Dilution

Mouse IgG Cy3 Donkey Jackson
Immunore-
search; 715-
165-151

1:200

Mouse IgG AF 647 Donkey Invitrogen;
A31571

2 mg/ml;
1:200

Rabbit IgG AF 568 Donkey Invitrogen;
A10042

2 mg/ml;
1:200

Rabbit IgG AF 647 Donkey Jackson
Immunore-
search; 711-
175-152

1:200

Goat IgG AF 568 Donkey Jackson
Immunore-
search; 711-
175-152

1:200

Goat IgG AF 647 Donkey Invitrogen;
A21447

2 mg/ml;
1:200

DAPI Carl Roth;
6335.1

5 mg/ml;
1:1000

Phalloidin AF 568 Molecular
Probes;
A12380

1:200

Phalloidin AF 647 Molecular
Probes;
A22287

1:200

5.4 Materials

Table 5.5: General Materials

Product Supplier Comment

Accutase Pan Biotech; P10-21100 For purification of RPE
cells

Cell scraper Falcon; 353085 To detach RPE cells from
well plates
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Table 5.5: General Materials

Product Supplier Comment

Cover slips 24x60 mm Carl Roth; H878 Cover slips for cryosec-
tioned samples

Dimethylsulfoxid
(DMSO)

Sigma-Aldrich; D2650 For freezing cells and
reconstituting small
molecule agents

Gelatine Type A Sigma-Aldrich; G6144 Surface coating for stem
cell culture

High precision cover
slips

Carl Roth; LH24.1 High precision cover
slips for production of
3D substrates

Hoechst Invitrogen; H1399 Nuclear stain compatible
with living cells

Imaris image analysis
software version 7.7.1

Oxford Instruments For 3D-reconstruction of
microscopy data

Latex beads Sigma-Aldrich; L9654 Functional assay for RPE
Low adhesion well plates ThermoFisher; 174925 For the formation of uni-

form aggregates
Methylisobutylketone
(MIBK)

Carl Roth; 0338 For curing 3D substrates

Mowiol 4-88 Merck Millipore; 475904 Mounting medium
Pentaerythrit-triacrylat
(PETA)

Sigma-Aldrich; 246794 Protein-adhesive pho-
toresist

Photoinitiator Sigma-Aldrich; 511447 Initiator of light-
stimulated polymer-
ization reaction

Silicone Elastomer Syl-
gard 184

Corning; 000105989377 PDMS for seeding and
sample embedding

Superfrost Ultra Plus
Slides

ThermoFisher;
J4800AMNZ

Slides for cryosections

Surgipath FSC 22 Blue Leica; 3801481 Mounting medium for
cryosectioning

TPETA Sigma-Aldrich; 412171 Protein-repellent pho-
toresist

3-
(Trimethoxysilyl)propylmethacrylate

Sigma-Aldrich; 440159 To interconnect 3D sub-
strates and cover slips

Triton X-100 Carl Roth; 3051 For permeabilization of
cells

Trypsin/EDTA Gibco; 15400054 For detaching cells
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Table 5.6: Media and Supplements

Product Supplier Comment

AGN193109 Sigma-Aldrich; SML2034 For enhanced retinal dif-
ferentiation efficiency

All-trans retinoic acid Sigma-Aldrich; R2625 To improve retinal differ-
entiation in orgnaoids

Blasticidin InvivoGen; Ant-bl-05 For selection of Oct4+

mESC Rx-GFP
CHIR99021 Sigma-Aldrich; SML1046 Inhibits glycogen syn-

thetase kinase 3, required
during RPE differentia-
tion

Dulbecco’s Modified Ea-
gle Medium (DMEM)

Pan Biotech; P04-03590 Base medium for mESC
cultivation

DMEM/F12 Gibco; 10565018 Base medium for cultiva-
tion of retinal cells

Ethidium homodimer-1 Invitrogen; L-3224 Agent specifically stain-
ing dead cells

Glasgow’s Minimum Es-
sential Medium (GMEM)

Gibco; 11570576 Base medium for retinal
differentiation

Glutaraldehyde (GA) AppliChem; A3166 Fixation agent for REM
samples

Hydrocortisone Sigma-Aldrich; H0396 Supplement for RPE mat-
uration

Knockout serum replace-
ment (KSR)

Gibco; 10828010 Chemically defined
serum substitute

Laminin Sigma-Aldrich; L2020 ECM protein for surface
functionalization

Leukemia inhibitory fac-
tor (LIF)

Merck Millipore;
ESG1107

Supports maintenance of
pluripotency in mESCs

Matrigel Corning; 356230 Protein matrix inducing
retinal differentiation

Minimum Essential
Medium (MEM) Alpha

Gibco; 12509069 Base medium for RPE
differentiation and culti-
vation

β-Mercaptoethanol Sigma-Aldrich; M6250 Additive for culture me-
dia

Non essential amino
acids (NEAA)

Sigma-Aldrich; M7145 Supplement for culture
media

N1 Sigma-Aldrich; N6530 Supplement for RPE
medium
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Table 5.6: Media and Supplements

Product Supplier Comment

N2 Gibco; 17502048 Supplement for the culti-
vation of neural cells

PanseraES Pan Biotech; P30-2602 Bovine serum tested for
stem cell applications

Paraformaldehyde (PFA) Merck Millipore; 104005 Fixation of cells
PD0325901 Sigma-Aldrich; PZ0162 Potent inhibitor of

mitogen-activated pro-
tein kinase

Penicillin/Streptomycin
(Pen/Strep)

ThermoFisher; 15140122 To prevent bacterial con-
tamination

Phosphate Buffered
Saline (PBS)

Pan-Biotech; P04-361000 Washing and reconstitu-
tion agent

Propidium Iodide Molecular Probes; P3566 Agent specifically stain-
ing dead cells

Sodium pyruvate Sigma-Aldrich; S8636 Additional carbon source
in media

SU-5402 Sigma-Aldrich; SML0443 Inhibitor of fibroblast
growth factor signaling

Sucrose Carl Roth; 4621.1 For cryoprotection of tis-
sues

Taurine Sigma-Aldrich; T-8691 Supports growth of neu-
ral cell

Y27632 Sigma-Aldrich; Y0503 Supplement for RPE dif-
ferentiation

3,3’,5-Triiodo-L-
thyronine sodium
salt

Sigma-Aldrich; T5516 Maturation of RPE
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5.5 Media Formulation

Table 5.7: Maintenance Medium (MM)

Component Volume

DMEM 207.5 ml
Panserum ES 37.5 ml
NEAA 2.5 ml
Pen/Strep 2.5 ml
β-Mercaptoethanol (1M) 25 µl

Freshly added:
LIF (105 Units/ml) 2 µl/ml

Table 5.8: Retinal Differentiation Medium (RDM)

Component Volume

GMEM 93 ml
KSR 5 ml
NEAA 1 ml
Pyruvate 1 ml
β-Mercaptoethanol (1M) 10 µl

Table 5.9: Retinal Maintenance Medium 1 (RMM1)

Component Volume

DMEM/F12 98 ml
N2 1 ml
Pen/Strep 1 ml
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Table 5.10: Retinal Maintenance Medium 2 (RMM2)

Component Volume

DMEM/F12 88 ml
Panserum ES 10 ml
N2 1 ml
Pen/Strep 1 ml

Table 5.11: RPE-Medium

Component Volume

MEM alpha 240 ml
Panserum ES 2.5 ml
N1 2.5 ml
NEAA 2.5 ml

5.6 Cultivation of mESCs

The cultivation of mESCs is a well established procedure, which reliably maintains
a pluripotent population of stem cells. The cells are kept in a 2D environment
using standard tissue culture flasks. Addition of LIF ensures the pluripotency of
the cultured cells.

Coating of Culture Flasks

To offer a suitable surface for stem cells, culture flasks have to be modified prior
to culture. To this end, a 0.1% gelatin solution was prepared from a 1% stock
solution and PBS. 5 ml of the 0.1% gelatin solution were added to each T25 culture
flask. The flasks were coated for 30 min at RT. Afterwards, the gelatine solution
was aspirated.

Cell Culture Routine

Unless otherwise indicated, cells were cultivated at 37°C and 5% CO2 in a humid-
ified incubator. The cells used in this work were kindly supplied by the RIKEN
BioResource Research Center. It is a subline of the EB5 (129/Ola) mouse embryonic
stem cell line, containing a GFP-knock in under the Retinal homeobox-promoter
(Rx). This knock-in allows visual verification of onsetting retinal differentiation
via the expression of the GFP construct.
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Prior to passaging, the stem cells were visually inspected via a table-top
microscope. The medium was aspirated and the cells were washed with 5 ml
PBS. After aspirating the PBS, 300 µl of a 0.25% Trypsin solution was added and
incubated for 1 minute at 37°C. The cells were released by gentle agitation and
collected in 5 ml MM. The cell suspension was transferred to a 15 ml conical tube
and centrifuged at 500 rpm for 5 minutes. The supernatant was aspirated and the
pellet was released and resuspended in 5 ml MM. The cells were counted under a
table-top microscope using a Neubauer chamber. 5 ml of MM + 2000 units LIF/ml
medium was added to each flask and 4.2 * 105 cells or 1.5 * 105 were seeded for a
two or three day interval, respectively.

5.7 Differentiation of Retinal Organoids

Seeding of mESC

Medium was aspirated from Rx-GFP mESCs, the cells were washed with PBS
and released with 0.25% trypsin. Still adherent cells were detached with gentle
agitation, collected in 5 ml MM and centrifuged in a 15 ml conical tube. The
supernatant was aspirated and the cells resuspended in 5 ml MM. After assessing
the number of cells, a cell suspension with 30.000 cells per milliliter was prepared
using RDM. AGN193109, a pan-retinoic acid receptor antagonist, was added to
the cell suspension with a concentration of 0.1 M. 100 µl of the cell suspension per
well were transferred into a 96-well plate. The day of seeding is defined as Day0.

Addition of Matrigel

On Day1, Matrigel was slowly thawed on ice to prevent premature gellation. A
13.6% Matrigel-solution was prepared by mixing ice-cold RDM and Matrigel. 20

µl of this solution were added to each well, achieving a final concentration of 2%
Matrigel per well.

Verification of Retinal Differentiation

With the GFP knock-in under the control of the promoter of the Rx-locus, tracking
GFP fluorescence allowed direct verification of retinal fate adoption. In organoids,
GFP expression started from Day5 onwards. On Day7, the 96-well plates were
screened for GFP expression. GFP+ aggregates were transferred to 60mm petri
dishes containing 6.5 ml prewarmed RMM1. The following days, the general
morphology and GFP-expression was closely monitored.
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Dissection and Continued Cultivation

On Day10, the general morphology and GFP-expression of retinal organoids was
assessed. If possible, GFP− organoids were removed. An upright light microscope
was sterilized with ethanol and placed under a sterile bench. Dumont #5 forceps
were also sterilized with ethanol. Using a 4x objective, the GFP+ organoids were
dissected using two forceps. Depending on the morphology, single vesicles were
separated. If no distinct vesicles were present, the organoids were randomly
dissected into 3-4 similarly sized pieces (Figure 5.1 I). Roughly 30-40 pieces were
transferred to a new petri dish containing 6.5 ml RMM2 supplemented with
0.5 µM all-trans retinoic acid and 1 mM L-taurine. A half-medium change was
performed at D14, and from then on twice per week. Generally, at roughly Day25

the characteristic retinal vesicles started to lose their integrity and organoids were
prepared for downstream applications.

Differentiation of RPE

To differentiate a separate monolayer of RPE cells, GFP+ D7 retinal organoids
were transferred to an Eppendorf cup and broken up with a syringe using a 23-
and 26-gauge needle. The cell clumps were transferred to a 15 ml conical tube
and centrifuged twice at 500 rpm and RT with low acceleration and deceleration.
The supernatant was aspirated and the pellet resuspended in 2 ml RMM2 supple-
mented with 10 µM Y27632, 3 µM CHIR99021 and 5 µM SU5402. The fragmented
organoids were seeded in a LN-coated 6-well plate (1 µg/cm2, 2h at RT). A media
change was performed at D8.

The culture medium and supplemented molecules induce a shift to RPE-fate,
however, not all cells are undergoing this transition. To remove the non-RPE cells,
a purification step was performed. To this end, at D11 the wells were washed
with PBS and treated with 500 µl Accutase for 5 minutes at 37°C. To neutralize
the reaction and remove less adhesive cells, fresh RMM2 was added and pipettet
repeatedly. Excess medium and cell debris was removed and the still adherent cells
were washed with PBS. A subsequent step with 3 minutes of trypsin treatment at
37°C removed the adherent RPE cells. The reaction was neutralized by addition
of 3 ml RMM2 supplemented with 10 µM Y27632, 3 µM CHIR99021 and 5 µM
SU5402. The remaining RPE-cells were ultimately released by repeated pipetting
and 106 cells were seeded on LN-coated 12-wells.

The medium was changed at D12 with fresh RMM2 supplemented with 3 µM
CHIR99021 and 5µM SU5402. Starting at D15, the RPE-cells were maintained in
RPE-Medium supplemented with 250 mg/L Taurine, 20 µg/L Hydrocortisone
and 0.013 µg/L triiodo-thyronine.
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Viability Assay

To monitor the cultivated cells survival under different cultivation conditions,
viability assays were conducted using Ethidium Homodimer-1 or Propidium
Iodide. Both dyes are unable to pass the membrane of living cells, however, the
membrane integrity of dead cells is compromised, allowing the dyes to enter
the dead cells. They bind to and intercalate with DNA, leading to a substantial
amplification of fluorescence with an emission maximum at 617 nm. Whole-mount
organoids and dissociated retinal cells cultivated in 3D substrates were rinsed
twice with PBS containing Mg2+/Ca2+ and incubated with 4 µg/ml of the dye
diluted in PBS with Mg2+/Ca2+ for 30 minutes at 37°C. The staining solution was
aspirated and fresh PBS with Mg2+/Ca2+ was added. The samples were used for
imaging in a pre-heated incubation chamber set to 37°C. After imaging, PBS was
removed and the corresponding culture medium was added to the samples.

5.8 Three-dimensional Substrate Fabrication

To fabricate 3D structures, a method called direct laser writing was employed.
A droplet of photoresist is put on a cover slip and placed onto a piezo stage
mounted on a microscope. The photoresist is composed of a polymer (Pentaery-
thritoltriacrylate (PETA) or trimethylolpropane-ethoxylate-triacrylate (TPETA))
and a photoinitiator. One characteristic of the used photoresist is a threshold
value for polymerization. Only upon exceeding the threshold, the local energy
is sufficient to polymerize the photoresist. For this work, a commercial Photonic
Professional-system by the company Nanoscribe was used, which is based on a
two photon principle. Basically, exciting an atom or molecule can not only be
achieved by exposure to the required energy, but also to two photons with half the
energy. However, this is only the case in the very focus of the laser beam, leading
to high spatio-temporal accuracy. The system is equipped with a femtosecond-
pulsed laser to allow stimulation with half-energy photons in quick succession.
To increase spatial resolution, the laser is focused into the sample via a high-NA
objective.

Silanization

In order to increase the 3D structures adhesion to the cover slip, a pre-treatment
with 3-methacryloxypropyltrimethoxysilane is required. High precision cover
slips with a thickness of 170 µm were cleaned with isopropanol and blow-dried
with nitrogen. To achieve an even coating with silane, the cover slips are plasma-
cleaned for ten minutes. The plasma treatment leads to hydrophilization of the
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surface. Afterwards, the cover slips were immersed in a solution of 1 mM 3-
methacryloxypropyltrimethoxysilane and toluen for one hour. Finally, the cover
slips were washed with ddH2O and blow-dried with nitrogen.

Writing Procedure

To fabricate 3D structures, a blueprint (’job’) directing the piezo stage in axial
and lateral direction is required. Jobs were either devised on a text basis via
DeScribe or via the 3D creation suite Blender (and later adjustments with DeScribe)
with the support of Marc Hippler (Institute of Applied Physics, KIT). After
generating the jobs, the Nanoscribe-setup was prepared. Up to ten cover slips
were placed on a sample holder and a droplet of immersion oil and photoresist
were placed on the corresponding sides. Upon insertion of the holder to the
stage, the software allowed successive completion of the job on multiple cover
slips in an automated fashion. Subsequently, the samples were developed in a
1:1 (v/v) mixture of methylisobutylketone (MIBK) and isopropanol to remove
unpolymerized monomers. After development, cover slips were washed with
isopropanol and blow-dried with nitrogen.

Typically, 3D structures were produced in a 2-step procedure. In the first
step, the photoresist TPETA was used. This photoresist disallows adsorption of
proteins, rendering the surface passivating. The passivation consisted of two types
of structures 1) squares directly passivating the surface of the cover slip and 2)
rectangular walls to contain cells within the 3D structure. After developing the
structures in 1:1 MIBK and isopropanol (v/v) for at least ten minutes, the cover
slips were blow-dried with nitrogen.

In the second step, the cover slips with TPETA-structures were placed into a
sample holder and the photoresist PETA was used. The TPETA-structures were
located and manually aligned. An array of pillars with a total of 28x28 pillars
was written in the confines of the TPETA-walls. Afterwards, the cover slips were
developed in 1:1 MIBK and isopropanol (v/v) at least over night.

Preparation of 3D Substrates

In some cases, we observed poor survival of cells on the 3D structures, which
could be alleviated by washing the 3D structures with a 1:1 mixture of PBS and
70% ethanol (v/v) for at least three days. When preparing the 3D structures for
experiments, the PBS-ethanol mixture was aspirated and rinsed with 70% ethanol.
Afterwards, the 3D structures were left to air-dry.
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5.9 Cultivation on 3D Pillar Arrays

For application of 3D structures in cell culture, modifications with ECM proteins
typically are required in order to allow cells to attach to the surface. In order to
restrict the available area, squares were devised from polydimehtylsiloxan (PDMS)
Sylgard 184. Polymer and curing agent were mixed with a ratio of 9:1 in a petri
dish and left to degas at RT for 30 minutes. The PDMS was cured over night
at 60°C. After cooling to RT, squares were cut out of the bulk material with a
scalpel (outside edge length of 2 cm and inside edge length of 1 cm) and sterilized
with 70% ethanol. PDMS squares were placed on the cover slips centered around
the 3D structures. LN is a prevalent protein of the ECM in neural tissues and
the eye, rendering it a prime candidate for surface functionalization. To coat
the 3D structures, a suspension with 20 µg/ml LN was prepared. 100 µl of this
suspension were added to each 3D structure and incubated for 2 hours at 37°C.

D14 organoids were pre-selected under a table-top microscope. Organoids con-
taining large areas of phase-bright epithelium were regarded as retinal organoids.
The pre-selection was verified with a fluorescent microscope via the expression
of the Rx-GFP construct in retinal tissues (Figure 5.1 II). To seed retinal cells on
LN-coated 3D structures, a cell suspension was generated. To this end, GFP+ reti-
nal organoids were collected in an Eppendorf cup. Per cover slip, three organoids
were dissociated and seeded. Remaining medium was carefully aspirated with
a 1 ml pipette, washed with PBS to remove last remnants of the medium and
incubated with 500 µl 0.25% trypsin solution at 37°C. After 10 minutes, excess
trypsin was removed and RMM2 was added to the organoids. The pre-digested
organoids were dissociated by repeated pipetting with a 1 ml pipette. Dissociation
was continued until a homogeneous cell suspension without any larger clumps
was obtained (Figure 5.1 III).

After 2 hours, the LN-solution was aspirated from 3D structures and 100 µl of
cell suspension were added to each substrate and incubated at 37°C (Figure 5.1
IV). After 1 hour, seeded cells were checked for attachment under a table-top
microscope. If cells started to attach to the substrate, excess cells were manually
removed from the areas outside of the 3D structure. For this purpose, 2 ml of
pre-warmed DMEM was added to each well and the PDMS-square was removed
with sterilized forceps. A table-top microscope was surface-sterilized with ethanol
and placed under a clean bench. Using a 2 µl pipette and 4x objective, cells beyond
the scaffold were removed by scratching the surface. When all excess cells were
removed, the medium was aspirated, washed once with PBS and 2.5 ml RMM2 +
25 µl Taurine were added per well. Dissociated retinal cells on 3D structures were
cultivated under standard conditions for up to 50 days. Half-medium changes
were performed once per week.
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Figure 5.1: Processing of retinal organoids and seeding in 3D substrates.
(I) Retinal organoids are cultivated for ten days. In most cases, they consist of a
main-aggregate and a number of Rx-GFP+ retinal vesicles. (II) The Rx-GFP+ vesicles
are excised using two forceps under a table-top microscope and continued to be
cultivated. (III) After fourteen days of cultivation, the retinal organoids are placed
in an Eppendorf cup and get enzymatically and mechanically dissociated. (IV) The
single cell suspension of retinal cells is then seeded on a LN-coated pillar array,
offering a new substrate for continued cultivation.
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5.10 Sample Preparation

Verification of correct tissue specification and the presence of the main cell types
can be achieved through immunocytochemistry. This method employs fluores-
cently labeled antibodies and affinity probes to tag structures within or on the
surface of cells. Immunocytochemistry can be done with a direct or indirect
protocol. Shortly, a direct protocol utilizes fluorescently labeled antibodies raised
against specific proteins of one or a number of target species. In contrast, in an
indirect protocol, two cycles of antibody-exposure are combined. In a first cycle, a
primary antibody raised against a specific protein is added to the cells or tissue.
In a second cycle, fluorescently labeled secondary antibodies are used. An indirect
staining procedure offers more flexibility in fluorophores and also amplifies the
signal. In this work, only indirect immunocytochemistry was employed.

Cryoprotection and -sectioning

Compared to a monolayer of cells, organoids are large objects, leading to low
efficiency of antibody penetration and imaging of areas deep within the organoid
is challenging. Thus, samples were sectioned at a Leica CM3050 cryostat prior
to staining. To avoid damage to the tissue from ice crystals forming during the
freezing procedure, samples have to be cryoprotected with sucrose solutions of
ascending concentration. Organoids were fixed with 4% PFA over night and
washed with PBS. 15 and 30% sucrose solutions in ddH2O were prepared. Upon
removal of PBS, 0.5 ml of 15% sucrose solution were added. With addition of
the sucrose solution, the organoids started to float to the surface as the sucrose
solution has a higher density. if the organoids were soaked and sank to the bottom
of the Eppendorf cup after one hour of incubation, sucrose solution was changed
to 30% and incubated over night at RT. At this stage, cryoprotected organoids
were either stored at -80°C or subjected to cryosectioning.

Organoids were embedded in Surgipath FSC 22 Blue with minimal transfer of
sucrose solution. They were left to harden in the freezing chamber at -22°C. The
frozen organoids were cut at the edge with a razor blade to reduce the amount of
Surgipath FSC 22 Blue void of orgnaoids. They were fixed in the cutting head, the
blade holder was set to a tilt of 5° and section thickness was set to 22 µm. The
cutting head was moved towards the blade until cutting range was reached. One
rotation of the hand wheel produced one section of 22 µm thickness. Sections
were mounted on a Superfrost Ultra Plus slide and left to air-dry over night. To
enhance the adhesion of sections to the object holder, a 20 minute fixation step
with 4% PFA was performed.
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Immunocytochemistry

Immunocytochemistry was usually performed on sectioned organoids mounted
on an object holder, on dissociated organoids cultivated in 3D structures or on
cells cultivated on a cover slip. The general protocol is described in Table 5.12.
Depending on the type of sample, differences in the protocol occured. Antibodies
used for immunocytochemistry were tested in P7 mouse retina beforehand, some
samples are given in Figure 5.2. All stainings were conducted in a humidified
chamber to reduce evaporation and volume of antibodies used. Additionally,
sectioned orgnaoids on object holders were covered with a rectangular piece of
parafilm. For 3D structures and cells on cover slips, a droplet of staining solution
was placed in the center of the cover slip. Prior to mounting, samples were washed
with ddH2O and dried with a Kimtech wipe. Sectioned organoids were mounted
with Mowiol by putting 3 droplets of Mowiol on the object holder and slowly
placing a 24x60 mm cover slip on top. 3D structures were mounted on object
holders modified with a PDMS-square fixed to the surface with PDMS for 30 min
at 60°C. The cavity was filled with Mowiol and the cover slips with 3D structures
were then placed upside down on the PDMS-square.

Table 5.12: Staining Procedure

Process Solution Duration

Fixation 4% PFA o/n
Permeabilization PBS + 0.1% Triton-X 100 1h
Primary Antibody Antibody in 0.05% BSA +

0.05% Triton-X 100

o/n

Washing PBS + 0.1% Triton-X 100 3x10 min
Secondary antibody and
affinity probes

Antibody in 0.05% BSA
in PBS + 0.05% Triton-X
100

o/n

Washing PBS 3x10 min
Mounting 20% Mowiol o/n

Sample Preparation for REM

Samples for analysis via REM were fixed with a mixture of 2% PFA/GA in PBS
over night at 4°C. Dehydration of the tissue was achieved via incubation in acetone
dilutions with ascending concentration (10, 30, 50, 70, 90 and 100 % acetone) for
10 minutes each. The last incubation step with 100 % acetone was done three
times. Subsequently, critical point drying was achieved with a Leica EM CPD300
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Figure 5.2: Marker validation for immunocytochemistry. (A) P7 mouse retina
stained for Pax6 (green), Rcvrn (red), Otx2 (magenta) and DAPI (grey). The upper
row of images reflects the central part of the retina with the INL and GCL (top part of
images), while the bottom row of images reflects the basal part with the ONL (bottom
part of images). (B) P7 mouse retina stained for Vsx2 (green), Rhodopsin (red), Islet1
(magenta) and DAPI (grey). Same orientation applies as in (A). (C) P7 mouse retina
stained for Sox9 (magenta) and DAPI (grey) with the ONL and INL visible. Scale bar
= 50 µm, applies to all images. The retinae were of a mOR37a-IRES-eGFP strain with
a C57B1/6J background.
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critical point dryer. Samples were washed with liquid CO2 and dried at 40°C and
pressure below 100 bar. The dried samples were fixed on a sample holder with
a conductive silver paste and a 5 nm thick layer of gold particles was sputtered
onto the sample. Imaging was performed by Vincent Hahn (Institute of Applied
Physics, KIT) at a Zeiss SUPRA 55 VP.
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Chapter 6

Results

For decades, in vitro studies were reliant on primary cell cultures. This changed
with the cultivation and differentiation of embryonic stem cells and in recent
times induced pluripotent stem cells. These cells can differentiate into all cell
types of an organism. However, harnessing this potential in an organized and
directed fashion is quite challenging. One widespread method for generating
organized tissues is called organoids. Organoids turned out to be a promising
approach to obtain organ-like tissue in a petri dish. While this is a great advance,
there are still problems inherent to the organoid culture. These problems include
challenging reproducibility, limited cultivation, and incomplete differentiation. In
order to improve these problems, direct laser writing (DLW) produced substrates
are employed to offer a suitable environment for retinal cells to grow in.

In this chapter, I present my results on combining retinal organoid-derived
cells with 3D substrates. In the first section, I introduce the cultivation of retinal
organoids and show some of the limitations connected to this system. Then, the
3D-produced substrates are introduced, including the cultivation of stem and
retinal cells on these substrates. The cell composition of resulting tissue constructs
is presented and characterized. The organization within the 3D substrates is also
addressed, and lastly, the separate differentiation of RPE cells is demonstrated.

6.1 Generation of Retinal Organoids

The differentiation of mature cell types from pluripotent cells has been subject
to a large amount of research. Complex interactions of a multitude of pathways
render directed differentiation of cell types quite challenging. However, there
are still some cell types that can be generated quite easily, as the underlying
signaling pathways have been sufficiently elucidated. One of these cell types
are retinal pigment epithelial cells (RPE), which can be induced by activating
the WNT-signaling pathway and inhibiting fibroblast growth factor receptor and
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vascular endothelial growth factor receptor via the addition of small molecules or
purified proteins. This leads to the enhanced generation of RPE cells, which can
be purified and expanded solely based on their characteristic pigmentation.

However, this is one of the exceptions to the rule, as many other protocols
lead to the generation of an increased number of the target cell type, but in an
inhomogeneous cell population. Cell sorting mechanisms have to be employed in
order to purify the desired cell type.

In the case of organoids, the protocol seems rather simple. Depending on the
various tissue fates, the complexity of the protocols vary. But overall, a key factor
for the protocol’s success is the addition of ECM, mostly in the form of Matrigel.
The geometrical environment offered by Matrigel and the factors included in the
mixture are sufficient to induce the differentiation of the desired cell types.

6.1.1 Increased Retinal Induction via Addition of a Retinoic Acid Receptor Antagonist

The first mention of retinal organoids in literature is from 2011 by Mototsugu
Eiraku and Yoshiki Sasai (Eiraku et. al 2011). They combined free-floating mouse
embryonic stem cell aggregates with Matrigel. After five days, the aggregates
started to form vesicular structures which also expressed a Rx-GFP construct
indicative of retinal differentiation. Upon further cultivation, these vesicular
structures invaginated to form optic cup-like structures.

The group of Masayo Takahashi introduced an optimized protocol for retinal
organoids (Assawachananont et. al 2014). They added the retinoic acid recep-
tor antagonist AGN193109 (thereafter abbreviated as AGN) and increased the
knockout serum replacement (KSR) concentration from 1.5% to 5%. This protocol
demonstrates a higher percent yield of Rx-GFP+ cells obtained in organoids.

In order to have sufficient retinal cells available for the cultivation in 3D
substrates, an organoid protocol with a high outcome of Rx-GFP+ cells is desired.
Thus, we tested both protocols under our specific cultivation conditions.

Organoids started from the same passage of mESCs and cultivated under
the same conditions were induced with both protocols (Figure 6.1 A). In the
presence of AGN, the organoids show a strong fluorescence signal of the Rx-GFP
construct. Furthermore, the formation of vesicular structures is observable. The
phase-bright margin regions of the vesicle are positive for Rx-GFP. In contrast, in
the absence of AGN but with addition of Matrigel, no or little Rx-GFP is present
in the organoid. Morphologically, the organoids with and without AGN heavily
differ. In the absence of AGN, barely any vesicles are present, but irregular growth
on the surface as well as neuronal extensions can be observed. In the absence
of both, Matrigel and AGN, the stem cell aggregate just grows in size but lacks
the previously described vesicular structure and presence of Rx-GFP+ cells. A
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Figure 6.1: Retinal organoid induction and early differentiation.
(A) Representative images of organoids induced with Matrigel towards retinal fate, in
the presence of AGN (top) and absence of AGN (center). The systems dependency on
Matrigel as inducing factor is shown in the bottom image (control without Matrigel).
(B) Quantification of retinal induction in organoids depending on the addition of
AGN. The formation of vesicles was also assessed. N=5, n=162 for +AGN, n=164 for
-AGN. Two-sided T-Test was applied. Error bars indicate standard deviation. (C) D17

organoids generated either in the presence or absence of AGN. single-channel images
as well as merged images are given. Rx-GFP is depicted in green, phase contrast in
gray. Scale bar = 100 µm, applies to all images in (A) and (C), respectively

quantification of five independent experiments (Figure 6.1 B) shows a markedly
higher frequency of retinal induction and higher occurrence of vesicular structures
in the presence of AGN. However, as indicated in Figure 6.1 C, in later stage
organoids, morphology did not differ between the different protocols, indicating
that the more frequent retinal induction does not come with drawbacks in later
stage differentiation.
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Figure 6.2: Long-term cultivation of retinal organoids.
Retinal organoids induced with Matrigel and AGN were monitored throughout their
development. Examples are shown from D9 prior to dissection up until a matured
stage at D28. Single-channel and merged images are shown. Rx-GFP is depicted in
green, phase contrast in gray. Scale bar = 100 µm, applies to all images.

6.1.2 Retinal Organoids Lose Organized Morphology with Extended Cultivation

For long-term cultivation of retinal organoids, D7 organoids are transferred from
ultra-low adhesion well plates used for induction to standard petri dishes. They
are cultivated in a DMEM/F12 based medium with N2 supplement. Using a
microscope and forceps, single vesicles are cut from the main aggregate. Dis-
sected organoids are then cultivated in a DMEM/F12 based medium with N2

supplements and 10% FCS. Figure 6.2 shows representative images of organoids
at different days of cultivation. At D16 and D22 a well defined and organized
structure with a smooth outer margin is present. However, with continued cul-
tivation this structure deteriorates, as can be appreciated on D24 and D28. The
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system

formerly flat surface starts to be jagged. The effect is even more pronounced at
D42, resulting in clumps of cells on the organoids surface and seemingly a loss of
epithelial thickness and overall size.

As tissue organization and function are tightly linked, we raised the question if
the loss of integrity and morphological deterioration corresponded to a reduction
in cell viability. Thus, a time series of organoids treated with the apoptosis marker
propidium iodide (PI) was obtained. PI is non permeant to live cells but can
enter dead cells to intercalate with DNA. In the aqueous, non-bound state PI
shows neglectable fluorescence, which is amplified 20-30 fold upon binding to
DNA. Dissected organoids were incubated for 30 minutes with PI, washed and
immediately imaged.

On earlier days of cultivation, retinal organoids show low levels of PI+ cells.
However, upon continued cultivation, retinal organoids show increased levels of
PI+ cells. On D31 and D35, PI+ cells are most prevalent. The absolute number of
PI+ cells is declining after D35. Interestingly, apoptotic cells are enriched in Rx-
GFP negative areas (see arrowheads in Figure 6.3). Furthermore, the morphological
decline of retinal organoids can be followed during this experiment. At D24, the
once flat surface of the organoid shows brighter and irregular spots in the Hoechst
staining and Rx-GFP. On D31, the organoids structure is more jagged and this
trend continues until D38. Additionally, while the organoids overall size decreases,
larger Rx-GFP negative areas appear in the center of the organoid, which also
appear to have a lower cell density.

Overall, long-term cultivation of organoids is possible, however, there are clear
restrictions in cultivation time, as organoids lose integrity with prolonged culture,
are shrinking in overall size and cells undergo apoptosis.

6.2 Three-dimensional Substrates for a Retinal Cell Cul-
ture System

The loss of morphology observed in long-term murine retinal organoid cultivation
is detrimental for studies focused on problems in later-stage development of
organoids. Thus, we attempted to combine retinal differentiation with tailor made
3D substrates in order to address some of the downsides of retinal organoids. To
produce well defined 3D substrates in a micrometer-range, various techniques are
available. We chose a two photon-based lithography setup because of its high level
of spatio-temporal resolution and high flexibility in scaffold production and design.
The first step was to compose a design for the DLW substrates. We assumed
that cells in standard organoid culture might lack sufficient stability and support,
as well as having low levels of nutrient supply and removal of waste products
in central regions of the organoids. Thus, we wanted to formulate a design for
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Figure 6.3: Assessment of viability in developing retinal organoids.
Representative images of retinal organoids stained with Propidium Iodide at different
stages of development. Organoids were counter-stained with Hoechst staining
solution. Single-channel and merged images are shown. Propidium Iodide is
depicted in red, Hoechst in blue and Rx-GFP in green. Scale bar = 100 µm, applies to
all images of corresponding size. Experimental execution and image acquisition by
Chiara Windsor.

substrates to offer sufficient stability for cells cultivated on the substrate, yet
offering ample accessibility for regular exchange of nutrients and waste products.
A cell type with central function in yielding structure and stability to the retina
are Müller glial cells.

To emulate the function of Müller cells, we designed an array of pillars with
a height of 70 µm, a diameter of 3.5 µm and an edge-to-edge distance between
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pillars of 20 µm to be written with the protein-adhesive photoresist PETA. To
prevent cells from migrating and completely overgrowing the substrate, walls
with a height of 80 µm and flat squares with the passivating photoresist TPETA
were written to surround the pillar array. This would disallow cells from adhering
directly outside of the pillar array. Figure 6.4 A shows a top-view of a pillar array
coated with LN, which was visualized by immunolabeling. Pillars and the glass
surface in between the pillars show a high level of fluorescence signal, while the
signal on the passivated squares is more spotty and overall lower in intensity
(Figure 6.4 A). 3D reconstructions of z-stacks taken from these substrates allow an
approximation of the substrates architecture (Figure 6.4 A’ and A”).

To clearly show the pillar arrays architecture, substrates were prepared for
scanning electron microscopy (SEM). SEM micrographs in Figure 6.4 B-B” show
an overview of a whole pillar array with surrounding passivating walls and
squares (B), an oblique-view of pillars and sections of surrounding walls (B’) and
a top-view of pillars and walls. Here, a reduction in diameter and thickness
of both, the pillars and walls can be observed (B’ and B”). The substrates are
generated in a layer-by-layer method, starting at the plane of the cover slip. When
writing higher structures, the laser beam has to be focused through layers of
already polymerized photoresist in order to polymerize new photoresist, thereby
experiencing reductions in laser power. This effect can be corrected by inverting
the whole system, but this would require changes in writing mode, which would
render automated writing of multiple samples impossible. Figure 6.4 (C) shows
retinal cells cultivated in a pillar array for eight days. The cells form a thick
sheet of cells, filling the array in x-y dimensions. Some shrinking effects from
dehydrating the substrates can also be observed. Larger cell clumps are present
on top of the cell sheet. As no pillars are visible, the height of the cell sheet has to
be at least 70 µm, but as they are also surpassing the constraints of the walls, a
height of more than 80 µm is likely. In the areas around the pillar array, sheets
of cells are also present. These cells are undesired, as the 2D environment might
lead to an unwanted shift in cell fate. Figure 6.4 (C’) allows a direct view of some
clearly discernible cells in a pillar array. The cells differ in morphology and size,
but are closely packed next to each other.

6.2.1 Cultivation of mESCs in Pillar Arrays

After characterization of the pillar arrays, they were used for cell culture ex-
periments. To this end, we first attempted a direct conversion of the organoid
protocol, meaning to seed stem cells into the pillar array and induce retinal fate
within the 3D substrate. One day after seeding mESCs on LN coated pillar arrays,
they formed a sheet-like structure (Figure 6.5 A). The cell sheets were encased
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Figure 6.4: Characterization of direct laser writing-produced pillar arrays for cell
cultivation.
(A) Single-plane image of a LN-coated pillar array. Pillars are fabricated from the
PETA photoresist, while the surrounding walls and squares are fabricated from
TPETA photoresist. (A‘) and (A“) Simple 3D representation of LN-coated pillar array
and a corresponding 3D reconstruction of the pillar array. (B) Scanning electron
micrograph of one pillar array field, with a magnified side (B‘) and top (B“) view of
pillars. Scale bars are specified in the corresponding images.

in Matrigel and differentiation medium was added to the substrate. One day
after addition of Matrigel, the cell sheet showed changes in morphology, as the
previously flat sheet with some occasional cell clusters turned into a rather even
sheet with a rippled surface structure. This rippled surface is quite reminiscent of
stem cell aggregates after addition of Matrigel.

Upon continued cultivation of mESCs on pillar arrays with Matrigel, the cells
heavily proliferated and outgrew the constraints presented by the TPETA walls.
The cell sheet had a dark coloring in the phase contrast, reminiscent of stem cell
aggregates which did not adopt retinal fate and died during cultivation (Figure 6.5
A”), a viability assay was conducted with ethidium homodimer, specifically stain-
ing apoptotic cells by intercalating with DNA. This dye is only able to enter dead
cells since their cell membrane’s integrity is lost. The viability assay turned out
negative for the mESCs cultivated in pillar arrays, as can be observed in Figure 6.5
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(A”). However, there was also no retinal induction observable, indicated by mon-
itoring Rx-GFP expression. To verify the general functionality of the materials
and protocol, same batch mESCs were cultivated and induced with the optimized
organoid protocol, using Matrigel from the same LOT. Figure 6.5 (B) clearly shows
that under free-floating conditions, retinal induction was achieved in organoids.
Thus, apparently cultivation conditions in pillar arrays were not adequate to
induce retinal fate in mESCs.

6.2.2 Cultivation of Dissociated Retinal Organoids in Pillar Arrays

As a plain transfer of the protocol from a free-floating stem cell aggregate to a
pillar array could not be realized, we had to explore other avenues of combining
retinal cells with tailor-made 3D substrates. As retinal organoids were established
in the scope of this work, we chose to use organoids as a reservoir for retinal cells.
We chose to use D14 organoids to be seeded in pillar arrays, as they should be
on the verge of switching from a progenitor-like state to terminal differentiation
and giving rise to the various cell types. Accordingly, they should be able to
arrange in 3D and maybe even self-organize. To indicate that dissociated organoids
in pillar arrays are discussed, the nomenclature will be D14+X, while X is the
corresponding cultivation time in the pillar arrays.

In order to offer a suitable environment, pillar arrays were also surface coated
with LN. On average, 3 dissociated organoids were seeded per pillar array as a
single cell suspension. After an initial adhesion phase, cells beyond the pillar array
were removed manually with a pipette tip. The cells were cultivated in the same
medium as same-age organoids. Figure 6.6 (A) shows representative images of
dissociated organoids cultivated in a pillar array. After seeding, small aggregates
of retinal cells were present in between the pillars. Within the next week, these
aggregates continued proliferation and visibly grew in size. At D14+8, sufficient
proliferation occurred that single aggregates merged into a cohesive sheet. With
the exception of a few small sections, most of the seeded cells are GFP+. By
D14+17, the pillar array seemed well colonized by retinal cells, which largely
remain within the constraints of the walls. However, with continued cultivation,
cells occasionally also overgrew the pillar array. These cells were GFP− in most
cases. At this stage of cultivation, manual cleaning is quite challenging, as cells
are interconnected in sheets, so they can not easily be isolated and removed.
Additionally, the pillar arrays integrity can also be compromised with prolonged
cultivation. Sometimes, pillars were removed by the cell sheet and walls displaced.
However, the GFP signal within the pillar array was still quite strong. When
comparing standard cultivation conditions (Figure 6.6 B) and the dissociated
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Figure 6.5: Retinal induction of mESCs in pillar arrays.
(A) Pillar arrays with mESCs. (A‘) Matrigel was added to the cells on D1 and
further cultivated. (A“) mESCs cultivated in pillar arrays for seven days in the
presence of Matrigel do not show any GFP-signal. Dead staining with ethidium
homodimer (EthD1) was also negative. (B) Same passage mESCs induced with
standard cultivation methods and same batch Matrigel showed marked GFP signal at
D7. Rx-GFP depicted in green, EthD1 based dead staining in red and phase contrast
in gray. Scale bar = 100 µm.
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organoids in pillar arrays, organoids did not appear to proliferate to a similar
level both in quantity and time scale, and also showed signs of morphological
deterioration, which could not be observed to that extend in the pillar arrays.

Thus, the cultivation of organoid-derived retinal progenitor-like cells in direct
laser writing produced pillar arrays appeared to be feasible. Additionally, they
seemed to maintain their structure for a longer time than free-floating organoids.
To assess the cellular composition of the cultivated tissues, immunocytochemical
stainings of both, dissociated progenitor-like cells in pillar arrays and retinal
organoids were conducted.

6.2.3 Assessment of Viability in the in Vitro Cultivation System

We were able to cultivate the retinal cells for up to 50 days, while maintaining
a more defined morphology. In order to have a better understanding of how
the pillar arrays influence the cells, Chiara Windsor, a master student under my
supervision, performed viability assays with dissociated organoids cultivated in
pillar arrays.

Figure 6.7 is a time series of one pillar array that has been repeatedly treated
with PI for staining dead cells and subsequently imaged. To prevent too much
additional stress for the cells after dissociation and seeding on the pillar array,
the viability assay was started after 8 days of cultivation on the pillar array. At
this stage, the amount of cells stained positive with PI was rather low. However,
the amount of PI+ cells increased up until 18 days in culture. From that point on
the presence of clearly PI+ cells was declining, coming to a very low level at 32

days in culture. However, in contrast to earlier phases of cultivation, a weaker
background-level staining becomes more apparent.

6.3 Cellular Composition in the Retinal in Vitro Culture

System

The retina is a well-characterized tissue of neuronal origin. It comprises one glial
and six neural cell types, which are organized in an ordered, laminar manner
in vivo. To assess the cellular composition of our in vitro systems, we chose to
analyse the individual cell types via immunocytochemistry. However, while some
cell types like PRs have a number of markers clearly identifying them as PR, for
other cells such as interneurons, most markers are present in a number of cell
types. Additionally, identification and characterization of certain cell types can be
even more challenging, as many markers are expressed differentially throughout
development. Thus, while some stainings clearly identify the presence of a certain
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Figure 6.6: Long-term cultivation of retinal progenitor-like cells in pillar arrays.
(A) Dissociated retinal organoids seeded in LN coated pillar arrays and cultivated
for up to 22 days in the pillar arrays. (B) Same batch organoid control cultivated
under standard conditions. Single-channel and merged images are shown. Rx-GFP
depicted in green, phase contrast in gray. Scale bars = 100 µm, applies to all images.
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Figure 6.7: Assessment of viability in retinal cells cultivated in pillar arrays.
Representative images of dissociated retinal organoids seeded in pillar arrays and
stained with Propidium Iodide at different stages of cultivation. Cells were counter-
stained with Hoechst staining solution. Single-channel and merged images are
shown. Propidium Iodide is depicted in red, Hoechst in blue and Rx-GFP in green.
Scale bar = 100 µm. Experimental execution by Chiara Windsor.

cell type, other stainings only indicate the presence of different cell types. In
the latter case, combinations of multiple markers can consolidate the evidence.
In the following section, immunocytochemical stainings of progenitor-like cells
cultivated in pillar arrays and organoids are presented.

59



6 results

6.3.1 Occurrence of Photoreceptors in an in Vitro Cultivation System

Photoreceptors are a very specialized cell type central to the detection of visual
stimuli. Rods and cones are the two PR classes present in the retina. Rods are more
numerous than cones, rather located in the periphery and involved in peripheral
and night vision. Cones, on the other hand, are located mostly centrally and are
responsible for high acuity and color vision. To characterize PRs, we employed
two markers: Recoverin (Rcvrn) and Rhodopsin. Among others, Rcvrn regulates
phototransduction in rod and cone cells. Thus, it is a pan-PR marker, which is
already present in PR progenitor cells. Additionally, a subpopulation of bipolar
cells does also express Rcvrn. Rhodopsin, on the other hand, is a marker specific
to rod PR.

Immunocytochemical stainings were conducted with dissociated D14 organoids
cultivated for an additional 35 days on the pillar arrays. Figure 6.8 (A) shows
a single-plane image of a z-stack taken from the pillar array. A quite clear and
specific signal for Rcvrn+ cells can be observed and a few single cells are also
positive for Rhodopsin. Figure 6.8 (A’) shows a zoom-in of Rcvrn+ cells and two
Rhodopsin+ cells. The signals for Rcvrn and Rhodopsin are colocalized. As a
comparison, both markers were also stained in D38 organoids. Rcvrn shows an
apical staining in the supposed ONL. However, the signal is not as pronounced
as in Figure 6.8 (A) and the strongest signal is directly on the surface of the
organoid (see arrowheads), while it would be expected to be more within the
constraints of the organoid itself. The D38 organoid shows a strong staining for
Rhodopsin (Figure 6.8 C), with a number of cells in the supposed ONL stained
positive. However, there is also a larger number of cells stained positive for
Rhodopsin located in more central areas. Some Rhodopsin+ cells located in the
supposed GCL are highlighted with arrowheads in Figure 6.8 (C). Overall, cells
stained positively for PR markers are present in both cultivation systems. In the
pillar arrays, some of the Rcvrn+ cells show neurite outgrowth, which might
indicate rather a bipolar fate. However, the colocalization with Rhodopsin+ cells
clearly validates the presence of PR cells. While in organoids both markers could
be detected, the localization of the stained cells does not necessarily match the
expectations, indicating some irregularities in cell distribution and layer formation.
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Figure 6.8: Differentiation of photoreceptors in retinal cultures.
(A) Single-plane image of dissociated retinal organoids cultivated in pillar array for a
total of 49 days. PR markers Rcvrn and Rhodopsin are stained. Single-channel and
merged images are shown. (A‘) Zoom-in of Rcvrn+ cells. Two of the cells are also
positive for the rod marker Rhodopsin. D38 sectioned organoid stained for Rcvrn
(B) and Rhodopsin (C). Rx-GFP depicted in green, DAPI blue, Rcvrn magenta and
Rhodopsin red. Scale bars = 10 µm.

6.3.2 Occurrence of Ganglion Cells and Synapse-like Structures in an in Vitro Cultivation
System

Ganglion cells (GC) are the cell type responsible for relaying visual information
to the brain. In the retina, GCs form a separate layer, the ganglion cell layer.
Their axons coalesce to form the optic nerve. During retinal differentiation, GCs
are the first cell type to arise. However, culture conditions in organoids are not
quite favoring GC maintenance, partially leading to their premature death. Islet1
is a transcriptional activator with a central role in gene regulation during RGC
differentiation. Vsx2 is also a transcription factor involved in GC development, but
also functions as a marker for bipolar cells in the mature retina. Synaptophysin
(Syn) is a component of synaptic vesicles and functions as an indicator of synaptic
structures.

For dissociated organoids cultivated for an additional 30 days in pillar arrays,
Islet1 expressing cells could readily be identified. Also, positive stainings for Syn
could be obtained, but the spot-like signal is dispersed throughout the whole
sample Figure 6.9 (A). In D38 organoids, most of the Islet1+ cells were located
in the central part of the organoid, in the supposed GCL. This was also true for
the Syn staining, showing most prevalent staining in the supposed transition of
INL and GCL, the inner plexiform layer (Figure 6.9 B). However, at the apical
side of the organoid a larger cluster of cells was extruded from the organoids
surface. This cluster of cells was also positive for Islet1 and Syn (Figure 6.9 (B),
arrowheads), again underlining the morphological and organizational problems
inherent to later-stage organoids. In D42 organoids, stainings for both Islet1 and
Vsx2 were positive. Some of the stained cells were positive for both GC-markers
and localized in the supposed GCL, clearly indicating the presence of GCs in these
organoids. As Vsx2 is a marker linked to earlier stages of GC development, it
seems likely that - given the prominent staining - most of the GCs are not yet fully
matured.
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6.3.3 Occurrence of Interneurons in an in Vitro Cultivation System

Interneurons are involved in relaying visual information gathered by PRs to the
GCs. They have also functions in modulating and pre-processing the information.
Interneurons are a collective term, which includes bipolar, amacrine and horizontal
cells. Bipolar cells are involved in transmitting signals from PRs to ganglion cells.
Amacrine cells have a coordinative and regulative function in the signals relayed
from bipolar cells to ganglion cells. Lastly, horizontal cells regulate signals
emerging from multiple rods and cones.

Most markers for interneurons are not specific to a certain cell type, but present
in a number of cell types or sub-classes. We chose to use Calbindin, Calretinin,
Pax6 and Otx2 as markers. Calbindin is a protein involved in buffering cytosolic
calcium and is present in horizontal and amacrine cells. Calretinin is a calcium-
binding protein which is present in some amacrine cell sub-types and ganglion
cells. Pax6 is a prominent transcription factor involved in eye and central nervous
system development. During retinal development, Pax6 plays a central role in
progenitor cell development, but in later stages is restricted to the developing
interneurons. Otx2 also has central roles in the early retinal development, where
it is involved in the development of RPE, PRs and bipolar cells.

Figure 6.10 (A) shows dissociated retinal organoids cultivated for 35 days in
a pillar array and subsequently stained for Calretinin and Calbindin. The cells
stained positive for both markers show prominent neuronal extensions. In many
cases, the signal for Calbindin and Calretinin colocalizes (Figure 6.10 (A’), see *),
but there are also cases where only one of the markers is present (Figure 6.10 (A’),
see **). For retinal organoids cultivated under standard conditions, Calbindin+

cells can be identified. They mostly localize in the presumptive INL or GCL.
However, Calretinin+ cells could barely be detected.
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Figure 6.9: Differentiation of ganglion cells and synapses in retinal cultures.
(A) Single-plane image of dissociated retinal organoids cultivated in a pillar array
for a total of 44 days. GC marker Islet1 and synaptic vesicle marker Synaptophysin
are stained. D38 sectioned organoid stained for Synaptophysin and Islet1 (B) as well
as for Vsx2 and Islet 1 (C). Single-channel and merged images are shown. Rx-GFP
depicted in green, DAPI blue, Islet1 magenta, Synaptophysin and Vsx2 red. Scale
bar = 10 µm, applies to all images of corresponding size.
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Figure 6.10: Differentiation of interneurons in retinal cultures.
(A) Single-plane image of dissociated retinal organoids cultivated in a pillar array for
a total of 49 days. Interneuron cell markers Calbindin and Calretinin are stained. A‘
Zoom-in of a Calbindin+ cell (**) and a cell positive for both markers (*). (B) D42

sectioned organoid stained for Calbindin and Calretinin. Single-channel and merged
images are shown. Rx-GFP depicted in green, DAPI blue, Calretinin magenta and
Calbindin red. Scale bar = 10 µm.

In figure 6.11, dissociated retinal organoids cultivated for 30 days in a pillar
array and D42 organoids cultivated with the standard organoid protocol were
processed for immunocytochemistry. Both markers are present in the dissociated
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organoids, with most of the stained cells showing mutually exclusive stainings
(Figure 6.11 A). The same was also the case for the D42 organoids, with Pax6

+

cells localizing to the border of supposed ONL and INL. Some Pax6
+ cells also

localized in the GCL and ONL close to the apical border. Most Otx2
+ cells were

present in the INL and showed a mutually exclusive staining towards Pax6
+

cells in most cases. Also, notice the organization of the D42 organoid. While
there appears to be a semi-distinguishable layering, many cells are also localized
beyond the border of the organoids apical side. This once more highlights the
morphological changes occurring in later-stage organoids.

The combination of various markers identified via immunocytochemistry
indicates the presence of all types of interneurons.

6.3.4 Occurrence of Müller Glial-like Cells in an in Vitro Cultivation System

Müller glial cells adopt important functions in maintaining homeostasis, supplying
neurons with sufficient nutrients and clearing waste products. They are also
partially involved in the visual cycle and function as a scaffold, yielding stability
to the retina. With our pillar arrays we aimed at offering additional stability to the
developing cells. However, all the other functions Müller glial cells carry out in
the retina also need to be taken care of in the in vitro system. Thus, the presence
of functional Müller glial cells is of utmost importance. Additionally, Müller glial
cells are the last cell type to differentiate during retinal development. Obtaining
Müller glial cells in an in vitro system might also indicate that the system robustly
follows along the in vivo-like differentiation.

We chose to analyse two known markers for Müller glial cells, Sox9 and
glial fibrillary acidic protein (GFAP). GFAP is a functional protein present in
matured Müller glial cells, involved in forming filament-like structures. Sox9

is a transcription factor present in a subset of multipotent retinal progenitor
cells, which is involved in Müller glial cell development. Figure 6.12 (A) shows
dissociated retinal organoids cultivated for 35 days in a pillar array stained for
GFAP. Filament-like structures can be identified throughout the whole section of
the pillar array. This is also the case in D38 organoids, but to a smaller extend
(Figure 6.12 C). In D50 organoids, a much more prominent signal for GFAP can
be observed (Figure 6.12 E).

Also, Sox9 positive cells can be detected in dissociated organoids cultivated on
a pillar array for 22 days (Figure 6.12 B). There are also some clearly Sox9

+ cells
in D38 organoids (Figure 6.12 D) and D49 organoids (Figure 6.12 F). It should be
noted that the localization of Müller glial-like cells would be expected to be in
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Figure 6.11: Differentiation of interneurons in retinal cultures.
(A) Single-plane image of dissociated retinal organoids cultivated in a pillar array
for a total of 44 days. Interneuron cell marker Pax6 and bipolar and PR progenitor
marker Otx2 are stained. (B) D42 sectioned organoid stained for Pax6 and Otx2.
Single-channel and merged images are shown. Rx-GFP depicted in green, DAPI blue,
Otx2 magenta and Pax6 red. Scale bar = 10 µm, applies to all images.

the INL, but in the stained organoids most Sox9
+ cells are located in the ONL.

The combination of both markers, however, hints towards the presence of Müller
glial-like cells in both in vitro cultivation systems.
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Figure 6.12: Differentiation of Müller glial-like cells in retinal cultures.
(A, B) Single-plane image of dissociated retinal organoids cultivated in a pillar array
for a total of 49 days. Müller glial cell marker GFAP (A) and Sox9 (B) are stained. D38

sectioned organoid stained for GFAP (C) and Sox9 (D). (E) D50 sectioned organoid
stained for GFAP and (F) D49 sectioned organoid stained for Sox9. Single-channel
and merged images are shown. Rx-GFP depicted in green, DAPI blue, Sox9 magenta
and GFAP red. Scale bar = 10 µm, applies to all images.
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6 .4 organization of retinal cells in pillar arrays

6.4 Organization of Retinal Cells in Pillar Arrays

Cells show a high degree of specialization. For example, PRs are specialized to
detect and process visual stimuli. In turn, they out-sourced many of the metabolic
and regenerative duties to the RPE and Müller glial cells. Thus, as interactions of
certain cell types are required for maintaining the tissues functionality, they are
also in most cases located in close proximity. In many neuronal tissues, this leads
to a strictly layered organization, with each layer adopting different functions.
This is also the case in the retina, where a clear layering from the apical side with
the RPE to the central side with the GCL can be observed.

In retinal organoids, this layering is also largely present, leading to the presence
of three semi-distinguishable layers, the ONL, INL and GCL. As retinal organoids
show morphological deterioration with extended cultivation time, the organized
layering is also lost during cultivation. As the dissociated organoids cultivated in
pillar arrays can be maintained for a longer time without apparent morphological
downsides, we also wanted to see if there is a certain level of self-organization or
layering in the pillar arrays. To this end, we analysed z-stacks of cells cultivated in
pillar arrays and checked for preferential localization of certain markers in some
areas of the pillar arrays.

6.4.1 Similarly Distributed Markers in Pillar Arrays

When analyzing retinal cell cultures in DLW pillar arrays, not all markers show
an organized or preferential distribution. Yet, the examples presented in this
section do also show some level of colocalization, which renders these markers
interdependent to some extend. The first example is a pillar array cultivated
for 22 days and then fixed and stained for Calbindin and Calretinin. As can be
appreciated in Figure 6.13 (A), Calretinin+ and Calbindin+ cells largely colocalize
in the bottom-plane images, with the exception of a few cells only positive for
Calretinin in the upper part of the image. The same trend continues for the
center- and top-section images, where both signals largely colocalize, with the
exception of some Calretinin+ sections. The 3D reconstruction verifies the general
impression of the single-plane images: in many cases, Calretinin and Calbindin
are colocalized. Thus, as Calbindin+ and Calretinin+ cells are often colocalized
and otherwise in close proximity and additionally distributed throughout the
whole z-stack in z-direction, there is no clear organization or layering observable.

Furthermore, the localization and distribution of retinal cells cultivated in pillar
arrays and stained for Islet1 and Vsx2 were assessed (Figure 6.13 B). The amount
of Vsx2

+ cells was greater than of Islet1+ cells. This holds true for the exemplary
image from the bottom, center and top of the pillar array. In many cases, the
Islet1+ cells were also positive for Vsx2, while many Vsx2

+ cells were only stained
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for this marker. The 3D reconstruction also verifies the impression from the
single-plane images, as Vsx2

+ cells are more prevalent and both cell types appear
to be equally distributed throughout the sample. However, co-localization of both
markers can not be well discerned in the 3D reconstruction.
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6 .4 organization of retinal cells in pillar arrays

Figure 6.13: Organization of retinal cells in pillar arrays.
(A) Representative single-plane images of dissociated retinal organoids seeded in
pillar arrays and cultivated for a total of 36 days. Images were taken at the bottom,
center and top of the cultured cells relative to the glass slide. (A‘) Three-dimensional
reconstruction of the z-stack used in (A). Interneuron marker Calbindin and Cal-
retinin are stained. (B) Representative single-plane images of dissociated retinal
organoids seeded in pillar arrays and cultivated for a total of 36 days. Images were
taken at the bottom, center and top of the cultured cells relative to the glass slide. (B‘)
Three-dimensional reconstruction of the z-stack used for (B). GC marker Islet1 and
GC and interneuron marker Vsx2 are stained. Single-channel and merged images
are shown. Calretinin and Islet1 depicted in white, Calbindin and Vsx2 in red. Scale
bar = 50 µm, corresponds to all images in A and B, scale bar in A‘ and B‘ specified in
corresponding images.

6.4.2 Basic Self-organization of Retinal Cells in Pillar Arrays

We could identify a number of substrates and marker combinations, which in-
dicated some level of self-organization or layering. Some of these examples are
shown in Figure 6.14. Single-plane images of retinal cells cultivated for 25 days
in a pillar array at different levels in z-axis are depicted in Figure 6.14 (A). When
comparing the bottom and top layers in the pillar array cultivation system, it
can be observed that the bottom plane is enriched in Otx2 positive cells when
compared to the upper plane. In contrast Pax6 positive cells are enriched in the
upper plane compared to the lower plane. Thus, establishing an opposing gradient
with a balanced occurrence of Otx2 and Pax6 positive cells in the middle plane.

This effect is clearly illustrated in the 3D reconstruction which was generated
to get a better understanding of the distribution of the various cell types in z-axis
(Figure 6.14 A’). Most of the Pax6

+ cells are rather localized at the bottom or
center, with some exceptions also at the top. In the case of Otx2

+ cells, most
show a localization to the center or top-part of the pillar array, as the single-plane
images suggested.

The same trend was also observed in a pillar array cultivated for 25 days and
stained for Sox9 and Rcvrn (Figure 6.14 B). On the pillar arrays bottom planes,
a large amount of cells was stained positive for Sox9, while a few Rcvrn+ cells
were also present. Towards the center, the amount of Sox9

+ cells remained on a
similar level, while the number of Rcvrn+ cells heavily increased. At the top layers,
almost no cells were positive for Sox9, but still many cells were positive for Rvcrn.
The 3D reconstruction of this z-stack clearly shows a preferential distribution of
Sox9

+ cells towards the bottom and center of the pillar array, while Rcvrn+ cells
are preferentially in the center or at the top of the pillar array (Figure 6.14 B’).
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These examples clearly indicate that there is a potential for retinal progenitor-
like cells and their progeny to arrange and self-organize in the pillar arrays. How
robust and reliable this self-organization is, remains to be established.
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6 .5 differentiation of mescs to retinal pigment epithelium

Figure 6.14: Preferential localization of retinal cells in pillar arrays.
(A) Representative single-plane images of dissociated retinal organoids seeded in
pillar arrays and cultivated for a total of 39 days. Images were taken at the bottom,
center and top of the cultured cells relative to the glass slide. (A‘) Three-dimensional
reconstruction of the z-stack used in (A). Interneuron marker Pax6 and GC and
PR marker Otx2 are stained. (B) Representative single-plane images of dissociated
retinal organoids seeded in pillar arrays and cultivated for a total of 39 days. Images
were taken at the bottom, center and top of the cultured cells relative to the glass
slide. (B‘) Three-dimensional reconstruction of the z-stack used for (B). Müller glial
cell marker Sox9 and pan-PR marker Rcvrn are stained. Single-channel and merged
images are shown. Pax6 and Sox9 depicted in white, Otx2 and Rcvrn in red. Scale
bar = 50 µm, corresponds to all images in A and B, scale bar in A‘ and B‘ specified in
corresponding images.

6.5 Differentiation of mESCs to Retinal Pigment Epithe-
lium

Organoids are a promising system for larger-scale generation of retinal tissue in
vitro. However, they have some inherent downsides, among them the fact that
they mostly comprise neural retina cells. This also means that most organoid
approaches lack the supportive RPE layer. While at first glance this system seems
sufficient to study neural retina development and function, the RPE massively
influences and contributes towards the differentiation and maintenance of specifi-
cally PRs, but also to the neural retina in general. It would be highly desirable to
combine both, the RPE and neural retina in one culture system.

The differentiation of RPE cells from mESCs and their characterization were
conducted in a master thesis by Kai Richler within the scope of this dissertation
(Richler 2019). While for human stem cells numerous protocols for differentiation
of RPE cells are available, there was only one protocol available for murine stem
cells. Thus, we chose to test this protocol. An overview of the protocol is given
in Figure 6.15 (A). By starting from retinal organoids, cells with retinal fate were
obtained. Instead of further cultivation in a free-floating system, the organoids
were broken down into smaller pieces, which were replated on LN-coated plates
and cultivated in the presence of the glycogen synthase kinase 3 (GSK3) inhibitor
CHIR99021 and the fibroblast and vascular endothelial growth factor receptor
inhibitor SU5402, which are both involved in the RPE fate decision. After four
days of cultivation, the fate-shifted RPE progenitor cells are purified and replated.
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6 .5 differentiation of mescs to retinal pigment epithelium

Figure 6.15: Differentiation of retinal pigment epithelium.
(A) Overview of the protocol employed to differentiate stem cells into RPE cells. A
timeline is given with the corresponding experimental steps. Used media and factors
added to the medium are also listed. Additionally, representative images of every
major step are presented. Scale bars from left to right: 200 µm, 500 µm, 200 µm,
50 µm (B) Image of fully matured RPE cells stained for retinoid isomerohydrolase
RPE65 and tight junction protein ZO-1. (C) Mature RPE stained for RPE65 and
the transcription factor Otx2, centrally involved in the differentiation of RPE cells.
(D) RPE cells were incubated with fluorescently labeled beads. Internalization of
beads shows functionality of RPE cells. Scale bar = 20 µm. (E) Three-dimensional
reconstruction of z-stack shown in (D). Experimental execution and image acquisition
by Kai Richler

After continued cultivation, the cells adopted the honeycombed morphology
characteristic to RPE cells. As additional verification to the general morphology,
immunocytochemical stainings were conducted. They showed the presence of
the matured RPE marker retinoid isomerohydolase RPE65 and the tight junction
marker ZO-1 (Figure 6.15 B), as well as the transcription factor Otx2, which
plays a central regulatory role in the fate decision between RPE and neural retina
(Figure 6.15 C).

In order to not only show the character of the differentiated cells, but also
show some functionality, an internalization assay was conducted. One central role
of RPE is the internalization of spend rod outer segments. Fluorescently labeled
latex beads were used as a replacement for outer segments. After incubation of
RPE cells with fluorescently labeled beads, internalization of beads was clearly
visible (Figure 6.15 D). Orthogonal views (Figure 6.15 D) and 3D reconstructions
(Figure 6.15 E) of the RPE layer show that the beads were actually internalized
and are within the borders of the cells, as they are below the ZO-1 signal. Thus,
the generated RPE cells show on the one hand presence of key markers and on
the other hand functional maturity.
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Chapter 7

Discussion

In the previous chapter, I presented the data obtained within the scope of this
thesis. The new cultivation system of retinal organoids was established and
the induction efficiency improved via the addition of a retinoic acid receptor
antagonist. The previously established method of DLW was employed to generate
a new design for 3D substrates. Retinal cells obtained from organoids were
combined with these 3D substrates, indicating no adverse effect on the viability of
the cells, instead allowing an extended cultivation within these substrates for up
to 50 days. Furthermore, all major retinal cell types are present in the combined
in vitro cultivation system. These retinal cells even show a preferential localization
within the substrates in some cases. A separate protocol was realized to generate
RPE, which is usually lacking in the organoid protocol.

These results will be put into perspective with regards to the literature. The
organoid system will be discussed in general, showing its’ up- and downsides
also in regards to long-term cultivation. The impact of the 3D substrates on the
cultivated retinal cells will also be addressed, with a special focus on the organiza-
tion of the cells within axial and lateral direction. General patterning mechanisms
will be discussed, which might also be applicable and directly inducible in the
3D substrates. Lastly, the role of the RPE and potential combinations with neural
retinal tissue will be discussed.

7.1 Differentiation of Retinal Organoids

The differentiation of retinal organoids seems quite straightforward: seeding of
pluripotent stem cells, formation of embryoid body-like aggregates, addition of
ECM, usually in the form of Matrigel and then the differentiation will happen
autonomously (Eiraku and Sasai 2011; Eiraku et. al 2011). However, the described
protocols are unexpectedly challenging to establish. Some of the challenges led to
low levels of retinal induction, which could be traced back to components of the
media as well as sub-par Matrigel lots (data not shown). Mototsugu Eiraku and
colleagues hint towards the concentration and efficiency variability in commercial
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Matrigel products, suggesting to use Matrigel lots with a protein concentration
of 9.5 mg/ml and above (Eiraku and Sasai 2011). Even though this suggestion
was carefully followed, drastic differences in induction efficiency were observed,
which could not be rectified by changes in cell number or media composition
(data not shown).

Hence, we screened literature on murine retinal organoids for alterations to
the Eiraku-protocol. Work by the group of Masayo Takahashi offered a promising
option for improving retinal induction, the retinoic acid receptor (RAR) antagonist
AGN193109 (Assawachananont et. al 2014; Iwasaki et. al 2016; Johnson et. al
1999). RA signaling plays a crucial role during development of various neural
structures like the hindbrain, where it is implicated in regulating the expression
of anterior-posterior and DV patterning genes like the hox genes (Gale et. al 1996;
Grapin-Botton et. al 1995). Signaling is achieved via the RAR α, β and γ, which are
expressed in overlapping regions and show high levels of functional redundancy
(Duester 2009; Glover et. al 2006; Ruberte et. al 1991, 1990). Upon ligand binding,
RARs form heterodimers with the rexinoid receptors (RXR) (Chambon 1996;
Mangelsdorf and R. M. Evans 1995). In our hands, supplying the culture media
with the RAR-antagonist AGN193109 in early retinal organoid differentiation
enhanced the level of retinal induction, while also increasing the number of
available vesicles (see chapter 6.1). This matches the results obtained by Juthaporn
Assawachananont and colleagues (Assawachananont et. al 2014).

RA signaling is also important in the retina. Initially, similar functions in
patterning were also assumed for the eye. However, it was shown that the function
in patterning is not prevalent in the retina. Instead, RA is involved in regulating
and guiding morphogenetic cellular movements during the OC stages (Fan et. al
2003; Molotkov et. al 2006). In later stages of retinal development, RA is also
involved in the expression of DV topographic guidance molecules (Sen et. al
2005).

In addition to its function in early retinal development, RA is also involved in
later stages of development. It was shown that RA signaling influences the fate
decision of uncommitted progenitor cells, shifting the progeny from amacrine to
PR fate (Kelley et. al 1994). Thus, for the differentiation of retinal organoids, RA
is also supplemented at day 10, a stage when mostly retinal progenitor cells are
present (Eiraku et. al 2011).

Based on the different actions of RA depending on the various tissues, in-
hibition of RA signaling in early steps of the organoid protocol seems to be a
reasonable adaptation. This is also demonstrated in our experiments, as with
the addition of AGN193109 neural outgrowth is reduced and retinal induction is
enhanced (see chapter 6.1).

The variability of the organoids protocol was also demonstrated in publications
of other groups (Cowan et. al 2020; Hiler et. al 2015; Mellough et. al 2019; Völkner
et. al 2016). Daniel Hiler and colleagues demonstrated that depending on the
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pluripotent cell line the outcomes of the differentiation protocol heavily varies.
Compared to established cell lines like the EB5 Rx-GFP line, iPSCs generated
from rod PRs showed a higher level of retinal induction and OC-like structure
formation (Aldiri et. al 2017; Hiler et. al 2015). However, no examples of the OC-
like structures are given. Carla Mellough and colleagues examined the production
of retinal organoids derived from human pluripotent stem cells. They identified
differences in retinal differentiation depending on the method employed and
mode of culture maintenance as well as differences in induction level depending
on various cell lines used (Mellough et. al 2019). Interestingly, they report
maintenance under stationary culture conditions to be the most efficient approach
for generating laminated retinal organoids. However, they examined organoids
until week five, but when aggregates grow larger in size in later stages of the
protocol, the beneficial effect of shaking resulting in higher supply with nutrients
and oxygen might be required (DiStefano et. al 2018; Ovando-Roche et. al 2018).
Similar results were also obtained by Cameron Cowan and colleagues, identifying
different levels of induction efficiency depending on the human pluripotent stem
cell line used. Most interestingly, not only differentiation efficiency varied, but
also the degree of lamination (Cowan et. al 2020).

The variability in retinal organoid induction and differentiation also becomes
apparent in the work of Manuela Völkner and colleagues. Using hPax6-GFP
mESCs, they also derived retinal organoids using the Eiraku-protocol. Lacking
widespread retinal induction and in many cases clear vesicle formation, they
non-selectively dissected retinal organoids on day 10 by cutting the aggregate into
three equally sized pieces, which they named the trisection protocol (Völkner et.
al 2016). Further cultivation led to the formation of stratified retinal organoids in
quite high quantity. They did not observe any invagination events of the OVs to
form OC-like structures as demonstrated by Mototsugu Eiraku (Eiraku et. al 2011).
This event was only observed in retinal organoids not subject to a dissection step
on day 10, but these organoids showed incomplete stratification and an inverse
polarity (Völkner et. al 2016). However, the lack of complete retinal induction
of stem cell aggregates as well as the low amount of vesicle formation clearly
demonstrates the sensitivity of the system and the challenges of reproducing the
retinal differentiation reliably.

One critical factor for the protocol’s success is the quality of the Matrigel lot
used. Matrigel is a complex mixture of ECM, composed of hundreds of different
proteins and peptides (Hughes et. al 2010; Talbot and Caperna 2015). Although
Matrigel provides ECM molecules, growth factors and biophysical stimulation via
the stiff matrix, its use for retinal differentiation of organoids underlies limitations
(Hughes et. al 2010; Soofi et. al 2009; Talbot and Caperna 2015). These limitations
restult from varying composition and changes in concentration. It was reportet
that these limitations of Matrigel result in low reproducibility of experiments
(Vukicevic et. al 1992).
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To circumvent the limitations of Matrigel, various synthetic alternatives have
been explored. Such synthetic alternatives were tested in intestinal organoid dif-
ferentiation, indicating robust and highly reproducible generation of organoids in
a maleimide-terminated poly(ethylene glycol)macromer-based gel (Cruz-Acuña et.
al 2017). In a different approach, a non-synthetic hydrogel based on ECM derived
from decellularized intestinal tissues also supported the growth of endoderm-
derived organoids (Giobbe et. al 2019). Cerebral organoids were also induced and
cultured in hydrogels based on sodium hyaluronan and chitosan, or in hydrogels
based on gelatin methacrylate (Lindborg et. al 2016; Tomaskovic-Crook and Crook
2019). The resulting organoids successfully generated neural rosette and neural
tube-like structures as well as responses towards glutamate and depolarization in
many cells, indicating basic neural behavior.

In a different study, the vitronectin-mimicking oligopeptide Synthemax was
used for retinal induction (Perepelkina et. al 2019). The authors were able to
also induce Rx-GFP mESCs to retinal fate with the synthetic product. But the
aggregates under Synthemax and Matrigel conditions did not show a pronounced
bright neuroepithelium at the rim, vesicular structures were largely missing and
GFP expression was disperse throughout the aggregate. While these examples
indicate that viable options for replacing Matrigel based on synthetic substrates
are available, more work is still required in order to also have a robust and reliable
system for retinal induction in mESCs.

While organoids are a powerful in vitro method, they still lack reproducibility
and lead to quite heterogeneous results. More robust induction methods not
relying on inconsistent animal products would be required to make organoids a
widespread and comparable method.

7.2 Long-term Cultivation of Retinal Organoids

Mototsugu Eiraku and colleagues established and convincingly showed that a
long-term cultivation of retinal organoids is possible, obtaining well-stratified
tissue after 24 days of cultivation (Eiraku et. al 2011). Later publications demon-
strated an increased cultivation time to the early/mid-30 day range (Brooks et. al
2019; H. Y. Chen et. al 2016; Ueda et. al 2018). This increase in cultivation time was
mainly linked to a change in cultivation medium, shifting from the regularly used
DMEM/F12 based medium supplemented with N2 and 10% FBS to supplemen-
tation with N2 and 1% FBS. Kaori Ueda and colleagues attributed the increased
cultivation time to the lower levels of FBS and the accompanying reduction of
proliferation in undifferentiated retinal neurons. However, they also mention that
even under these conditions, the retinal morphology was only maintained up
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until day 27 (Ueda et. al 2018). To this date, protocols for differentiating murine
pluripotent stem cells to retinal organoids while also maintaining the morphology
at later stages are missing.

Interestingly, human-derived retinal organoids are much more robust in regards
to long-term cultivation. Cultivation times of 200 days, even exceeding 300 days
have been reported (K. C. Eldred et. al 2018; Gonzalez-Cordero et. al 2017; Kaya
et. al 2019; S. Kim et. al 2019; Lukovic et. al 2020; Nakano et. al 2012; Quadrato
et. al 2017; Reichman et. al 2017; Zhong et. al 2014). In addition to the extended
cultivation time, human retinal organoids also maintain their structure throughout
cultivation, leading to well-stratified tissues (Cowan et. al 2020; Zhong et. al 2014).
Human retinal organoids also showed responsiveness to light stimuli, indicating
not only morphological maturity, but also partial functionality (Cowan et. al 2020;
Quadrato et. al 2017).

A number of sequencing studies tried to shed more light on the exact cellular
composition and differentiation speed in organoids compared to in vivo retinae
(Collin et. al 2019; Cowan et. al 2020; S. Kim et. al 2019; Mao et. al 2019; Quadrato
et. al 2017; Sridhar et. al 2020). They could identify similar differentiation time
lines in organoids, but with extended cultivation the differentiation speed in
organoids slightly dropped off. Fully matured murine organoids correspond to
P6-P10 retinae (Brooks et. al 2019). The same was true for human organoids, where
week 24 organoids showed quite high correlation to week 20 retinae (Cowan et.
al 2020). Analysis of cellular composition showed a higher ratio of RPCs in early
human organoids, while early human retinae showed a higher amount of GCs.
At later stages of development, cellular composition of human retinal organoids
and fetal retinae were quite similar (Sridhar et. al 2020). Overall, matured human
retinal organoids were more similar to peripheral retina samples than to foveal
ones (Cowan et. al 2020).

But what is the difference in murine and human systems? Why do seemingly
similar methods lead to different outcomes in the long run, with the only signif-
icant difference being the cell source? Given that both sources are pluripotent
stem cells, the differences should be minimal. Zekai Cui and colleagues addressed
these questions in a recent publication (Z. Cui et. al 2020). Using bioinformatic
transcriptome analysis of published RNA sequencing data (Brooks et. al 2019;
K. C. Eldred et. al 2018; Hoshino et. al 2017), they could identify close similarities
throughout development of retinal organoids and retinae. Additionally, the devel-
opmental timeline of various cell types in organoids and retinae was quite similar,
confirming results of other studies (Cowan et. al 2020; Sridhar et. al 2020).

Analysis of differentially regulated genes in human and murine organoids
revealed that for both systems genes involved in cell division were downregulated,
while genes involved in neurogenesis and PR development were upregulated. For
genes with opposite regulation patterns, human organoids showed upregulation
in glutathione metabolic processes, fatty acid metabolic processes, hydrogen per-
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oxide metabolic processes, mitochondrial matrix and exosomal secretion. Genes
upregulated in murine organoids are involved in glycogen catabolic processes, his-
tone deubiquitination, Wnt signaling pathway, response to TGF-β and Ras protein
signaling transduction. Thus, the main difference between murine and human
organoids appears to be energy metabolism revolving around mitochondria. A
more focused look at mitochondria development in retinal organoids and retinae
revealed that in developing murine and human retinae, expression of mitochon-
drial components peaks twice: once during early differentiation and a second
peak at later stages (P0-P14 in mouse, D111-D250 in human). However, in retinal
organoids, the first peak of expression was present in both systems, whereas, the
second peak of mitochondrial component expression was only present in human
organoids. The authors also attribute mitochondria an important role in retinal
development, as retinal mitochondrial development time showed high correlation
with PR development (Z. Cui et. al 2020).

The cellular composition of the retina might also favour differences in retinal
organoids between human and murine systems. As nocturnal animals, murine
retinae are dominated by rods (ratio rods:cones approximately 30:1), while humans
are diurnal animals, showing a lower prevalence in rods with only 18:1 to 20:1
rods to cones (Cangiano et. al 2012; Mustafi et. al 2009). Cones are implicated
with a higher density of mitochondria, estimated ca. 26.4 times higher than in
rods (Z. Cui et. al 2020). The naturally cone-rich human retina might be favoured
in this regard. Published protocols for human organoids also aimed at increasing
the number of cones (S. Kim et. al 2019; Zerti et. al 2020). This was achieved by
the addition of γ-secretase inhibitor DAPT ((2S)-N-[(3,5-Difluorophenyl)acetyl]-
L-alanyl-2-phenyl]glycine 1,1-dimethylethyl ester), a potent inhibitor of Notch
signaling. In murine organoids, the function of DAPT was also tested, leading
to a shift of retinal progenitor cells towards cone fate at the loss of other cell
types (Kaufman et. al 2019; Völkner et. al 2016). However, DAPT-treatment can
also result in the loss of laminar organization (Kruczek et. al 2017). It would
be interesting to see if these organoids show different expression patterns of
mitochondria related genes and if increased cultivation times would be possible.

In our cultivation system largely following the Eiraku-protocol, morphology
is maintained until approximately day 25. However, even if an organized mor-
phology is lost, the amount of dead cells is only moderate, often restricted to
GFP− areas (see chapter 6.1). Given that developmental speed declines in retinal
organoids with prolonged cultivation, potentially the maintenance of structure and
tissue integrity is also an important stimulus for further development (Brooks et.
al 2019; Cowan et. al 2020; Z. Cui et. al 2020). One way of potentially addressing
this issue is by offering a defined 3D substrate for retinal progenitor cells, leading
to the formation of a tissue showing some level of organization and improved
access to nutrients and oxygen. The implementation of such a system will be
discussed in the following chapters.
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7.3 Three-dimensional Pillar Arrays for Cultivating Reti-
nal Cells

As cells typically face a 3D environment in vivo, modern cultivation systems aim
at resembling the corresponding 3D niches. These niches vary in composition and
complexity, depending on the various cell types and tissues parencite (Murphy
et. al 2017; Quarta et. al 2016). As discussed before, organoids are a promising
cultivation system, with the induction of stem cells leading to the formation of a
complex tissue in vitro, often in a free-floating system. In the case of organoids, the
niche environment is resembled via the addition of soluble factors or the embed-
ding in a mixture of ECM. However, the free-floating cultivation of organoids does
not replicate the presence of tissues or structures like blood vessels, larger deposits
of ECM or bone. Consequently, efforts are made to combine cell culture with more
complex and defined substrates (Shafiee and Atala 2017). The available methods
for producing defined substrates are numerous. Some fabrication methods are
highlighted in chapter 3.5. Among these methods, we chose to employ direct laser
writing to fabricate defined culture substrates.

While some publications describe the use of DLW-produced 3D substrates as
substrates for retinal cell culture, these substrates were conceived as a short-term
cultivation system for the transplantation of cell sheets or tissue-like constructs
(McUsic et. al 2012; Shrestha et. al 2020; Thompson et. al 2019; Worthington
et. al 2017). However, our focus is on the long-term cultivation of cellular
constructs in DLW-produced 3D substrates. The types of substrates used in these
publications are usually a block of photoresist interspersed with microchannels.
Retinal cells seeded in those substrates colonized the microchannels. However,
as the microchannels are separate from each other, unless the cells overgrew the
confines of the substrates, only small cell consortia can form (McUsic et. al 2012;
Worthington et. al 2017).

As cell-cell interactions are integral to the formation of a tissue-like construct,
we aimed at designing a 3D substrate more permissive in this regard. One cell type
important for structuring and stabilizing the retina are Müller glial cells, which
are regularly spaced in x-y axis and span the whole length of the retina (J. Wang
et. al 2017). Thus, we devised a pillar array adopting a stablizing function like the
Müller glial cells, consisting of 28x28 pillars. For the height of the pillars we tried
to take the thickness of a mouse retina into account, which is approximately 200

µm, or the thickness of a murine organoid, which is approximately 120-150 µm
(Eiraku et. al 2011). But the production mode used with the DLW only allows a
maximum height of 100 µm. This maximum height is dictated by the objectives
distance to the cover slip. Additionally, the procedure is limited by the feature size
at larger distances from the cover slip, as the laser beam has to be focused through
the whole sample, leading to refraction. Hence, at larger distances, substrates
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tend to show aberrations caused by refraction, leading to reduction in feature
size. Furthermore, the larger the substrates, the more unstable they get. This
can be countered by reducing the feature size, but too bulky pillars were also
unwanted. Taking all these factors into account, we decided on using pillars of
70 µm height, distanced 20 µm in x and y with a radius of 3.5 µm. This pillar
array is surrounded by a combination of flat squares and walls with a height of 80

µm. While the pillars are written in a protein-permissive photoresist, surrounding
walls and squares are written in a protein-prohibitive photoresist.

The ultimate goal is to generate a stratified retinal tissue containing all relevant
cell types with basic levels of functionality. To examine the general feasibility of
this project, the long-term cultivation of retinal cells was tested in this work. If
this should prove possible, more complex 3D substrate designs can be explored.

7.3.1 Retinal Induction in 3D Pillar Arrays

Generating retinal cells was the first important task to achieve a more complex in
vitro cultivation system. There are different protocols available to induce retinal
fate in pluripotent stem cells. The most promising of these protocols in regards to
induction efficiency and the resulting cells and tissue-like constructs are organoids.
Thus, we tried to transfer the organoid protocol to embroynic stem cells cultivated
in 3D pillar arrays (see chapter 6.2). After addition of Matrigel, seeded mESCs
proliferated throughout the following days, but they did not obtain retinal fate.
We observed on multiple accounts that the formation of a uniform aggregate
is necessary to induce retinal fate in floating culture (data not shown). If the
aggregate formation was lacking, we mostly observed no retinal or only neural
induction. In aggregates, only the outer layers of cells are directly in contact with
Matrigel, potentially leading to a subregionalization of the aggregate. However,
in the pillar array only a thin layer of cells was present. All of these cells were in
direct contact with the Matrigel, which might change the specific influence of the
ECM mixture on the mESCs differentiation program. Furthermore, one upside of
the floating system is the potential for cells to move throughout the aggregate and
for the tissue to perform larger-scale morphological changes, like the evagination
of vesicular structures (Eiraku et. al 2011). While single cell migration is still
possible in 3D substrates, larger scale movements are limited in the pillar arrays,
which might explain the lack of retinal induction in this environment.

We also explored the induction via small molecules in a floating system,
in order to replace Matrigel as inducing agent, leading to a more reliable and
reproduceable retinal induction. To this end, IGF-1, Wnt-inhibitor CKI-7, Nodal-
inhibitor SB-431542, BMP-inhibitor LDN193189 and bFGF were tested in different
combinations. As one of the original publications introducing small molecules was
done using hiPSC, we adapted the concentrations to better suite the mouse system
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(Osakada et. al 2009). However, none of the tested combinations led to retinal
induction (data not shown). This might be caused by insufficient function of the
small molecules or insufficient concentration of the molecules. Deepak Lamba
and colleagues reported the generation of retinal cells via the addition of purified
proteins IGF-1, BMP-signaling inhibitor noggin and WNT/β-catenin signaling
pathway antagonist DKK1. 82% of the hESCs expressed Pax6 after three weeks
of cultivation, and of these, 86% coexpressed Vsx2. Initial stages of the protocol
were conducted with embryoid bodies, but most of the protocol was done in 2D
culture. This might be a more suitable system for retinal induction in pillar arrays
than the adaptation of the organoid protocol. However, the fact that not all cells
are induced to retinal fate can be quite detrimental, as terminally differentiated
retinal cells are limited in their proliferation capacity, while the non-retinal cells
might maintain this function for an extended period of time and overgrow the
substrate (Kassen et. al 2008).

Another method for generating retinal cells from hESCs in vitro was presented
by Atsushi Kuwahara and colleagues. They tested a number of BMP, WNT and
FGF agonists/antagonists and among the screened substances identified low
concentrations of BMP4 at day 6 to be the most effective way of inducing retinal
fate (Kuwahara et. al 2015). We also adapted this protocol to the mouse system,
changing concentrations and time of addition correspondingly. However, no
retinal fate could be induced with any of the tested alterations (data not shown).
BMP4 was also used in murine organoid culture, but it was supplemented from
day 9 onward for a period of four days in combination with triiodothyronin and
DAPT in order to increase the amount of cone PRs (Ueda et. al 2018). BMP4

signaling has been implicated with lens and retina formation in mice as well
as suppressing RPE differentiation. In mice with conditional deletion of Bmp4,
lens induction and OC formation was prevented (Huang et. al 2015). However,
in these mice, genes known to be important during eye development showed
only moderate or no changes in expression. This might also mean that there are
differences in the human and mouse systems response towards stimulating factors
like BMP4.

While various methods exist to differentiate stem cells to retinal fate, most
of these methods were established with human pluripotent stem cells. Transfer
and adaptation of these protocols to our culture system did not show any retinal
induction. Not only can mouse stem cells show different reactions towards stimuli
compared to the human system, but they also behave differently in a cell culture
environment. For example, some protocols require a confluent cell sheet, which
for human stem cells is apparently feasible, but as soon as the mESCs grew to
confluency, they started to round up and larger patches of cells detached from the
surface (data not shown). Consequently, some aspects of protocols established in
hPSCs can not be replicated in mESC culture.
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Furthermore, instead of attempting to replace Matrigel, it might also be worth-
while to enhance the outcome of the standard protocol by supplementing the cul-
ture system with additional morphogens, growth factors and important inhibitors
at comparable stages to the in vivo retina development. As was demonstrated with
the addition of AGN193109, such factors can massively influence the outcome of
the induction protocol (Assawachananont et. al 2014).

7.3.2 Pillar Arrays as a Viable Substrate for Organoid-derived RPCs

As seeding of mESCs in 3D substrates and successive differentiation to retinal
fate did not succeed, we decided to explore other options. With the retinal
organoid protocol we already were able to differentiate mESCs to retinal fate in
vitro. However, free-floating aggregates are hard to combine with pillar arrays
attached to a cover slip, or with most complex 3D substrate designs. Occasionally,
organoids attach to the culture surface in routine culture, leading to a flattening
of the organoid and outgrowth of cells in 2D (data not shown, also compare
(Iwasaki et. al 2016)). A similar fate would also be expected for direct cultivation
of organoids on pillar arrays. Hence, we attempted to dissociate retinal organoids
and seeded the obtained cell suspension in pillar arrays. Dissociation and re-
seeding of organoids has been reported on various accounts for dentin-pulp-like,
cerebral and intestinal organoids (Jeong et. al 2020; Kar et. al 2020; Mussard et. al
2020; H. Sakaguchi et. al 2019). Small intestinal organoids were dissociated and
seeded in a 2D monolayer. This monolayer did show presence of cell lineages of
the small intestine. After dissociation and re-seeding of our retinal organoids, they
adhered to the pillar array and formed small GFP+ cell clusters. With continued
cultivation, these clusters proliferated and grew in size. In comparison to free-
floating organoids, cultivation of dissociated organoid cells in pillar arrays did
not have any adverse effect on their survival or maintenance (see chapter 6.2),
validating the feasibility of long-term cultivation of retinal cells in 3D pillar arrays.

One critical aspect of long-term cultivation is nutrient and oxygen supply.
Increased media exchange was achieved by cultivating organoids in bioreactors
(DiStefano et. al 2018; Lancaster et. al 2013; Ovando-Roche et. al 2018; Qian et.
al 2016). These bioreactors lead to constant agitation, redistributing the culture
media regularly. Thus, local accumulation of waste products and zones of nutrient
deprivation can be avoided, leading to the formation of larger and more mature
tissues (DiStefano et. al 2018; Selden and Fuller 2018). However, even though
bioreactors have a positive effect on cultivated cells, they can not help to maintain
the culture for an extended period of time. Tyler DiStefano and colleagues reported
that neural retina structures in their rotating wall bioreactors started to degenerate
from day 25 onward, while they maintained structure to some extend until day 30
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in static culture. Still, in the bioreactor setup, organoids displayed similar or better
morphology and differentiation of major cell types than in the static cultivation
system (DiStefano et. al 2018).

Similar to our dissociated retinal organoids, Hideya Sakaguchi and colleagues
dissociated human cerebral organoids between day 70 and 100. Upon re-seeding,
the cells started to cluster and migrate. After a few days, networks between
clusters formed tightly and glial-like shaped cells were generated. A vast network
was formed after roughly four weeks in culture, connecting each cluster by
thick neurite bundles. After prolonged cultivation, these self-organized neuronal
networks contained mature glutamatergic and GABAergic neurons and showed
synapse formation. Interestingly, these neuronal networks could be maintained in
vitro for more than one year. In contrast to cerebral organoids, the dissociated and
re-seeded neuronal networks showed synchronized burst activity (H. Sakaguchi
et. al 2019).

When looking at long-term cultivation, dissociated retinal organoids in pillar
arrays also could be maintained for a longer time, up to 50 days. Similar to other
reports, retinal organoids in our hands started to degenerate at the latest after 25

days. As the retina is a well-stratified and organized tissue, the morphology is
inevitably also linked to function and correct differentiation (Hoon et. al 2014).
The laminar organization of the retina, retinal organoids and retinal cells cultivated
in pillar arrays will be addressed in the next chapter.

7.4 Cellular Organization in 3D

Neuronal tissues often show an ordered architecture closely linked to the specific
cellular function. Cells of the same type are organized laterally in the same laminar
structure and axially in a functional and gradual manner. Thus, nuclear layers with
the corresponding cell bodies and plexiform layers with the synaptic connections
form. This general blueprint holds also true for the retina, which consists of three
nuclear and two plexiform layers. How does this dazzling organization occur in
vivo and to some extend in vitro? What are the underlying mechanisms, and how
can this process be modified and improved upon? Might defined 3D substrates
play an integral role in this pursuit?

7.4.1 Induction of Retinal Fate and Laminar Organization in Vivo

For decades, basic research was conducted on how retinal induction is initiated
and moves forward in various vertebrate animal models. To this end, much work
was done in mouse and chick, but also in Xenopus and zebrafish (Ail and Perron
2017; F. E. Anderson and C. B. Green 2000; Dalke and Graw 2005; Glass and Dahm
2004; Seabra and Bhogal 2010; Vancamp and Darras 2017). In early neurulation,
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retinal fate is induced by a combination of TGF-β, FGFs and members of the
Shh family, which emanate from the underlying axial mesoderm and lead to the
activation of key retinal gene circuitry. A network of key marker genes has been
identified, which concomitantly define the eye field (Zuber et. al 2003). Retinal
differentiation is interlinked with morphological changes, namely the OV and
OC formation. During these events, retinal fate is specified and differentiation is
taking place.

Upon evagination of the OV, the presumptive neural retina cells of the vesicle
are in close proximity to the surface ectoderm and later to the lens placode, which
are BMP and FGF signaling nodes (Hyer et. al 2003; J. Hyer, T. Mima and
T. Mikawa 1998; Pandit et. al 2015). While BMP4 during the blastula stage
has a repressive effect on the emergence of eye-field cells, during the OV stage
the relation changes. Concomitantly, the surface ectoderm gives rise to the lens
placode. BMP4 from the lens placode is required and sufficient to maintain
eye-field identity, block telencephalic character and specify neural retinal cells
in zebrafish (Pandit et. al 2015). In mouse, BMP4 is expressed in the distal tip
of the OV and is also required for the specification of the neural retina domain
(Huang et. al 2015). However, in chick the function of BMP4 seems to be rather
in the specification and maintenance of RPE cells (Müller et. al 2007). FGF8 has
also been implicated as a central inducer of retinal fate, however, it appears to
be downstream of BMP4 signaling, as inhibition of BMP4 signaling also leads to
loss of FGF8 signaling. FGF8 is not required or sufficient to specify neural retina
identity (Pandit.2015).

After specification of retinal character, the differentiation of retinal cells is
induced by HH signaling. The first cell type to arise are the RGCs, which are
induced by HH signaling (Neumann and Nuesslein-Volhard 2000; Shkumatava
et. al 2004). In turn, RGCs themselves adopt a HH-signaling role (Dakubo and
Wallace 2004). Hence, a central-to-peripheral combined wave of RGC development
and HH signaling sweeps over the retina, which induces the differentiation of
neighboring cell (Neumann and Nuesslein-Volhard 2000). Temporally overlapping,
a second wave of differentiation sweeps over the retina, specifying amacrine cells
in the INL. This second wave is independent of the first, as it also occurs in the
absence of RGCs (Shkumatava et. al 2004).

The morphogens and factors listed here are only the key players for neural
retina specification. There is still a large number of other factors involved to a lesser
extend. Amongst these is FGF3, which adopts similar functions as FGF8. They are
functionally redundant, as inactivation of either did not show any significant effect,
but upon inactivation of both, retinal induction was blocked (Martinez-Morales
et. al 2005). Various WNT ligands are also involved in retinal specification
and differentiation. A regulatory network of WNTs and Sox2 is required for
maintaining proliferation in RPC (Agathocleous et. al 2009). Additionally, Wnt/β-
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catenin signaling is required for the expression of Mitf and Otx2 in RPE cells
(Westenskow et. al 2009). These early specification events are the basis of the later
retinal lamination.

7.4.2 Processes Underlying Lamination

Overall, there are a number of cellular processes required for the establishment
of correct laminar organization. Chief amongst them are I) establishment and
selective recognition of guidance cues II) adhesive and migratory behaviour of
cells.

A combination of various attractive and repellent guidance cues are used to
guide cells and their processes to the correct laminar layer (Diao et. al 2018;
Robles and Baier 2012). In order for cells and their processes to find their correct
destination, cell signaling molecules are employed to define and locate certain
cellular subgroups. Prominent examples are the semaphorin guidance cues and
their corresponding plexin receptors (Matsuoka et. al 2011; Zhang et. al 2017).
Sema5A and Sema5B constrain neurites from multiple retinal neuron subtypes
within the IPL. Null mutants of both proteins show mistargeting in RGCs, ACs and
BPCs into the outer portion of the retina (Matsuoka et. al 2011). Null mutations of
Sema6A have also been shown to lead to targeting and lamination defects, in this
case of HCs in the OPL (Matsuoka et. al 2012).

Other non-signaling molecules have also been implicated with a role in lamina-
tion. For example, loss of the atypical protein kinase C α leads to morphological
defects in PRs, their inability to form ribbon synapses and severe laminar disorga-
nization (Koike et. al 2005). The leucine-rich repeat-containing protein netrin-G
ligand 2 has also been implicated in lamination. In null mutation mice, many
HC axons fail to stratify in the OPL, instead invading the ONL. In these animals,
fewer synapses of HCs and rods were observed (Soto et. al 2013).

Lamination is also tightly linked to migration of cells and how they arrange
relative to each other. A prominent example of proteins related to this process
are the calcium dependent homophilic adhesion receptors N-cadherin (Pokutta
and Weis 2007; Takeichi 1995). N-cadherin is differentially expressed throughout
development and while it is localized to the optic nerve fiber, inner nuclear layer,
plexiform layers and outer limiting membrane in earlier stages, at later stages
localization is restricted to the outer limiting membrane and inner nuclear layer
(Honjo et. al 2000; Matsunaga et. al 1988). When interfering with the N-cadherin
activity in chicken retinogenesis via addition of Fab fragments of a polyclonal
antibody, retinae dissociated and could not be maintained. This indicates that
N-cadherins play an important role during retinal development in maintaining the
overall structure of the undifferentiated retina (Matsunaga et. al 1988). In zebrafish,
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knock-out of N-cadherin leads to disorganization of retinal cells. However, all cell
types are present in these retinae, which indicates that the lamination defects are
not caused by general defects in development (Masai et. al 2003).

Another adhesion receptor family involved in retinal lamination are integrins.
While cadherins mediate cell-cell interactions, integrins are known as cell-matrix
contacts, binding to the conserved RGD sequence (Hynes 1992). They have been
implicated to play an important role in retinal development (M. Li and D. S.
Sakaguchi 2004). Adding the RGD-containing disintegrin echistatin or function
blocking antibodies to the embryonic Xenopus retina lead to disruption in retinal
lamination and the formation of rosette structures. This study highlights the
important function of integrins during migration and retinal morphogenesis.
Some reports also implicate integrins in the survival of RGCs during development
(Kanamoto et. al 2009; Leu et. al 2004).

As retinal cells cultivated in vitro as organoids or dissociated in pillar ar-
rays show some level of preferential localization, the question arises how this
phenomenon occurs and is mediated. As previously established, the in vivo devel-
opment relies on morphogens to pattern the developing retina in sub-domains
throughout 3D space. In many cases, these morphogens are secreted by the
surrounding (Huang et. al 2015). In the in vitro systems, positional information is
lacking, meaning that the cellular organization must be based on other processes.
To some extend, the relative positional information could be obtained via cell-cell
or cell-matrix interactions. The homogeneous coating with LN renders cell-matrix
interactions via integrins an unlikely candidate, as under these circumstances
a differentiated positional information would not be expected. Cell-matrix in-
teractions might still be of importance in regards to the tissue integrity and for
promoting survival of the cells (Kanamoto et. al 2009; Leu et. al 2004). Along these
lines, different surface coatings using other ECM proteins could be investigated,
potentially influencing cellular behaviour to large effects. However, the protein
coating should also be chosen in respect to the retinal ECM (Dorgau et. al 2018;
Felemban et. al 2018; Hausman 2007; Taylor et. al 2015).

Cell-cell interactions on the other hand might be of integral importance for
the positional arrangement of retinal cells in 3D in vitro systems. N-cadherin is
involved in the cortical organization in the mouse brain (Kadowaki et. al 2007;
Rasin et. al 2007), however, N-cadherins involvement could be traced back to
the maintenance of adherens junctions. Furthermore, N-cadherin is involved in
the laminar targeting of thalamocortical axons and also of PRs (Lee et. al 2001;
Poskanzler et. al 2003; Yonekura et. al 2007). These examples offer a basis for the
assumption, that organization of retinal tissues in vitro might in parts be mediated
by N-cadherins. Interfering with the N-cadherin mediated cell-cell interactions
in both, retinal organoids and dissociated retinal organoids cultivated on 3D

90



7 .4 cellular organization in 3d

substrates, could prove quite interesting. This could potentially have a significant
effect on the cellular organization and relative orientation, revealing important
insights on the mechanics of laminar organization.

Another explanation for the preferential localization of some cell types in 3D
pillar arrays might be slight changes in nutrient and oxygen accessibility. PR-
marker positive cells often localized to the upper region of the pillar arrays. PRs
are regarded as the cell type with the highest oxygen demand in the retina, while
INL cells are thought to have a lower oxygen consumption (Cringle and Yu 2010;
Cringle et. al 2006). Thus, PR-like cells might preferentially localize to the areas of
highest oxygen concentration and accessibility. As the overall energy demand of
PRs is quite high, not only the supply with oxygen, but of nutrients in general
might be decisive. The effect of oxygen supply has also been assessed in retinal
organoid culture. Both, for murine and human stem cell derived organoids a
positive effect of changes in oxygen level has been demonstrated (H. Y. Chen et. al
2016; Eiraku et. al 2011; Gao et. al 2016). However, there are substantial differences
to the various protocols. Mototsugu Eiraku and colleagues continuously cultivate
retinal organoids at 40% oxygen after the dissection step, while Holly Chen and
colleagues cultivated the early aggregates until the dissection step in hypoxia (5%)
and switched afterwards to normoxia. Overall, given the important role of oxygen
and nutrient supply during development, it probably also impacts the cultivation
and maintenance of in vitro cultivated retinal cells. Compared to retinal organoids,
the cultivation of retinal cells on pillar arrays might allow more efficient nutrient
and oxygen supply because of the thinner tissue morphology achieved. This might
allow nutrient transport more easily to the cells and waste products to be removed
more efficiently. Thus, the individual response and reaction of a pillar array based
in vitro cultivation system towards different levels of oxygen would be of interest
and might change the experimental outcomes.

7.4.3 Pattern Formation in Vivo and in Vitro

Retinal development is a well-orchestrated and organized series of events that
robustly results in the same structure. This level of developmental precision is
achieved by characteristic and reliable patterning events during development.
Under the control of different morphogens, DV and naso-temporal (NT) cell fate
is specified. Patterning events occur during OV and OC stages and NT axis is
determined by FGFs, while DV patterning is achieved by BMP signaling (Cardozo
et. al 2019; Pandit et. al 2015; Picker and Brand 2005; Picker et. al 2009). SHH
is also involved in all of these patterning events: in combination with FGFs it is
involved in proximal-distal patterning and SHH restricts BMP to the distal domain
of the OC, leading to the DV specification via the expression of Tbx5 (Cardozo et.
al 2019; Veien et. al 2008).
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In fast-developing animals like zebrafish, the patterning events are happening
concomitantly to the morphological event of OC formation, while in slower
developing animals like chick and mouse, patterning events and morphological
events are temporally separate (Cardozo et. al 2019; Eckert et. al 2019). In addition
to the DV and NT patterning, the OC is also patterned in central to peripheral
direction. Peripheral identity is established via WNT-signaling. It is both required
for the maintenance of proliferative cells in the ciliary margin as well as the
differentiation of RPE cells (Borday et. al 2012; Kubo and Nakagawa 2008). WNT-
dependent differentiation of RPE is also a key requirement for the OC folding,
which is mediated by the hinge region between NR and RPE (Carpenter et. al
2015). Disruption of the normal patterning leads to morphological perturbations,
ranging from mislocalization of some cells to complete disorganization of the
tissue (J. Hyer, T. Mima and T. Mikawa 1998; Martinez-Morales et. al 2005).

Regarding organoids and pattern formation, the question arises if pattern
formation can be observed. Missing the characteristic stimuli, patterning would
not be expected. Yet, organoids are still able to form tissues containing the relevant
cell types and even show varying levels of lamination.

Already, some interesting work has been conducted regarding pattern for-
mation in retinal organoids. Yuiko Hasegawa and colleagues analysed if there
are some pattern formation events observable. Indeed, they identified selec-
tive marker expression of dorsal (Tbx5) and ventral (Vax2) markers. Expression
of these markers appears to be regulated by endogenous BMP signaling. The
authors hypothesize that this BMP-signaling in turn is regulated by canonical
WNT-signaling. However, only 21% of the mESC-derived OCs did show the char-
acteristic domains as in vivo (Hasegawa et. al 2016). The role of WNT-signaling
for the formation of OCs was also examined in retinal organoids. Co-culture of
organoids with Wnt3a-expressing cell aggregates lead to a substantial increase
in RPE differentiation and NR invagination (Eiraku et. al 2011). Furthermore,
modifications to the WNT-signaling cascade lead to changes in retinal induction
in organoids. Using the standard approach leads to Axin2

+ retinal tissue with
dorsal characteristics. Addition of the WNT antagonist IWP-2 leads to aggregates
with low Axin2 expression and also low levels of Rx-GFP, while addition of the
WNT agonist CHIR99021 leads to the emergence of posterior central nervous
system-like aggregates (Sakakura et. al 2016).

Another recent and prominent example of axis formation and organization
within in vitro cultivation systems are the so-called gastruloids, stem cell aggregates
which show characteristic organization events resembling the early stages of
gastrula and primitive streak development (Martyn et. al 2019; Minn et. al 2020;
Moris et. al 2020). The resulting patterning can be modified via changes to central
morphogen signaling cascades (Chhabra et. al 2019). Combination of gastruloids
with microwell-substrates also allows for 4D tracking of the cultivated cells (Samal
et. al 2020).
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Even though the in vitro system lacks the surrounding tissues and the cor-
responding morphogens and stimuli, some level of pattern formation can still
be achieved. This fact is surprising, as the in vivo system is quite susceptible
to changes and disturbances (J. Hyer, T. Mima and T. Mikawa 1998; Martinez-
Morales et. al 2005). Cells cultivated in our pillar arrays showed some level of
preferential distribution in z-axis, it would also be interesting to examine the
arrangement in x- and y-axis. Furthermore, defined 3D substrates might offer a
unique way of conducting research in this area, as differential and selective coating
of the substrate is conceivable (Richter et. al 2017). Therefore, ligands specifying
dorsal and ventral character could be selectively coated to different areas of the
substrate. To increase the complexity of the system even more, one could attempt
to additionally include a gradient stimulating naso-temporal specification. A
system like this would offer incredible opportunity to replicate a complex and
multifactorial process like pattern formation and eye development in a controlled
and reliable manner. If the practical realization of this system would work, this
would offer a platform to examine changes and modifications to the basic system
with relative ease compared to model organisms. As we demonstrate here, the
cultivation of organoid derived retinal cells in pillar arrays is feasible, laying the
foundation for a plethora of potential in vitro systems.

7.4.4 Self-organization of Retinal Tissues in Vitro

In the last few decades, retinal development and self-organization processes dur-
ing retinogenesis have peaked the interest of researchers. Even in modern organoid
culture, the self-organization of stem cell-derived retinal cells is of great signifi-
cance. Seminal work about self-organization was conducted by Aron Moscona
and Paul Layer and colleagues. Working on chick retina, they dissociated retinae
and reaggregated them in a bioreactor (Sheffield and Moscona 1969). A correlation
of ordered aggregate formation and the age of the retinal cells at the beginning
of the experiment was identified, with E6 retina yielding the highest percent of
ordered aggregates (Vollmer and Layer 1986b). Reaggregation experiments have
also been conducted in zebrafish, showing that the underlying principles might
be valid for a wide range of species (M. K. Eldred et. al 2017). These experiments
indicate a basic propensity of retinal cells to recognize appropriate cell types and
spatially orient accordingly, even after dissociation and lacking spatial cues.

We also observed some level of self-organization in retinal cells cultivated
in pillar arrays, showing a preferential localization of Rcvrn+ PR-like cells to
the top of the array, while Sox9+ Müller glial-like cells were rather located
to the center or bottom of the array. Similar observations were also made for
Pax6 and Otx2, however, markers like calbindin and calretinin were quite evenly
distributed throughout the pillar array. Additionally, these markers were also
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often colocalized. Given their combined expression in GCs (Pasteels et. al 1990),
the colocalization is not surprising. However, many markers were distributed
throughout the whole z-axis, indicating that formation of pronounced layers like in
the retina is still missing. This indication is reinforced by the fact that the synaptic
vesicle marker synaptophysin was distributed throughout the whole retinal tissue,
not condensing in defined plexiform-like layers. This would mean that synaptic
connections might form, but they are randomly localized and not organized in a
distinct layer. The question arises, if the synaptic connections are formed between
the correct signaling partners or if target acquisition is perturbed. Hence, the
architecture and level of synaptic organization would have to be further analysed.
Immunostainings of prominent synapse markers like Bassoon or RIBEYE could
shed light on the synaptic organization in retinal tissues cultivated in 3D substrates.
Synapse-like structures in organoids could be used as a comparison to potentially
identify beneficial effects of the 3D substrates.

Reports in literature of dissociated retinae cultivated in 3D substrates match
our observations. In these experiments, dissociated cells showed preferential
localization in z-axis in PLGA-channel substrates. However, the direction of
organization was inverse, as Pax6

+ cells were rather localized to the top of the
structure, while Otx2

+ cells were more frequent in central and lower position. The
same was true for human embryonic stem cell derived retinal cells generated from
protocols based on 2D cultivation (McUsic et. al 2012).

Given that both, retinal reaggregation systems as well as organoids, are able
to form structures of varying degree of organization, avenues of improving the
organization within the pillar arrays might have been established already. Indeed,
some publications discuss modifications to the system, which result in improved
laminar organization. Co-culture with RPE and Müller glial cells improved the
organization in a fraction of cultivated aggregates (Layer and Willbold 1989;
Vollmer and Layer 1986b; Vollmer et. al 1984; Willbold et. al 1995, 2000). In both
cases, the sheer presence of the corresponding cell type was sufficient to improve
laminar organization within the reaggregated retinal cells. Direct co-culture and
application of conditioned media were compared in both setups. These two
conditions lead to similar frequency of stratified reaggregates, suggesting the
presence of soluble factors required for laminar organization (Rothermel et. al
1997; Willbold et. al 2000).

In 2003, Shinichi Nakagawa and colleagues identified anterior rim cells to have
a similar capacity, inhibiting rosette formation and inducing laminar organization
in reaggregated chick retinae. Ultimately, they were able to identify WNT2b
as the reason for the correct layer formation, terming this agent the laminar-
inducing factor (Nakagawa et. al 2003). Unfortunately, no follow-up work linking
WNT2b with functions in layer formation was conducted. Instead, WNT2b’s
influence on cell proliferation at the ciliary marginal zone, determination of
peripheral fate and function in RPE specification have been analysed (Cho, S.H.
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Cepko, C. L. 2006; Kubo et. al 2003, 2005; Steinfeld et. al 2013). Still, further
analysis on WNT2b’s function as laminar-inducing factor would be of great
interest. Potentially, other WNT-ligands might also be candidates to influence
the cellular behaviour and organization during in vitro retinal differentiation.
Mototsugu Eiraku and colleagues also cultivated their retinal organoids in the
presence of WNT3a-expressing L cells. This cultivation setup led to a higher level
of OC-like structure formation (Eiraku et. al 2011).

Combining retinal cells cultivated in 3D substrates with RPE or Müller glial
cells or the corresponding conditioned media might also be beneficial to the
organization in an in vitro culture. Starting from conditioned media, positive
effects on laminar organization could then be traced back to single components
of the media. Based on literature, WNT2b would be an interesting candidate
to incorporate in an in vitro cultivation system using two-photon lithography
fabricated substrates. As extrinsic cues are missing, addition of soluble factors
known to have functions in the organization and lamination of retinal tissues
might improve the overall outcome of the system. Factors along this line could for
example be BMP4, FGF3 and FGF8.

More insight on the mechanisms and processes underlying the self-organization
has also been gained quite recently. Central to this mechanism is the well-known
eye field transcription factor Pax6, which is also regarded as a master control gene
of eye development (Cvekl and Callaerts 2017; Shaham et. al 2012). Pax6 interacts
with two morphogen-coding genes, Tgfb2 and Fst. Timothy Grocott and colleagues
used computer simulations to examine the networks influence on developmental
processes. Pax6 and Fst function as a short-range auto-regulating activator, while
Tgfb2 would be a long-range inhibitor, establishing an Activator-Inhibitor Turing
nework (Turing 1952). Given these premises, computer simulations attribute this
system a self-organizing capacity, which could also be verified with explant culture
experiments. Lacking extrinsic positional information, OVs cultivated as explants
still show organization events, which suggests an intrinsic organization capacity
(Grocott et. al 2020).

Taken together, in vitro systems are capable of forming patterns and organized
tissue constructs in the absence of surrounding tissues, which usually function as
organizing centers. Even when dissociated, retinal cells are able to reform and
reorganize to some level, both in the absence and presence of 3D structures. Some
factors like WNT2b have been implicated with functions in cellular organization
into laminar structures. It remains to be seen if these factors can also improve
self-organization in 3D substrates.
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7.5 Role of the RPE

The RPE is a key structure of the eye, not only taking on important functions
in absorbing scattered light and as a barrier structure between the choroid and
retina, but it is also a necessary support structure. As a support structure its
main functions are in supplying the closely related PRs with nutrients and also
recycling and regenerating visual pigments from PR outer segments (Kwon and
Freeman 2020; Strauss 2005). In addition to these important functions, various
studies implicated the RPE as an important signaling niche during developmental
processes (Dutt et. al 2010; Ha et. al 2017; Sheedlo et. al 2007). The crucial role of
the RPE becomes apparent when looking at diseases linked to RPE degeneration.
In many cases, the primary degeneration of RPE cells leads to a secondary
degeneration of PRs, resulting in vision impairment or complete loss of vision
(Carullo et. al 2020; Guziewicz et. al 2017; Nowak 2006; Sparrow et. al 2010).
In order to achieve reliable in vitro models, generation of RPE cells and the
combination with neural retina tissue is of utmost importance.

7.5.1 Differentiation of RPE in Vitro

Already ten years before the rise of retinal organoids, RPE was differentiated
in vitro using cynomolgus monkey embryonic stem cells. These stem cells were
induced via cultivation on mouse stromal cells, leading to the generation of both
dopaminergic neurons as well as RPE cells (Kawasaki et. al 2002). In the following
years, methods for obtaining RPE in vitro were refined and spontaneus as well
as directed differentiation protocols were established (Artero-Castro et. al 2019;
Buchholz et. al 2009, 2013; Meyer et. al 2011).

By now, quite a number of reports show the generation of RPE from patient-
derived iPSCs, leading to a robust in vitro disease model which reliably replicates
the characteristics of the various diseases (Deng et. al 2018; Gong et. al 2020;
Guo et. al 2019; Nguyen et. al 2015). Protocols for generating RPE are mostly
focused on human cells, as they are also of great interest for regenerative medicine
approaches (da Cruz et. al 2018). However, using a culture system based on mouse
embryonic stem cells, we sought to derive RPE from mouse stem cells. Thus far,
one report of RPE derived from murine iPSCs is available by Yuko Iwasaki and
colleagues (Iwasaki et. al 2016).

In the master thesis of Kai Richler under my supervision, this protocol was
established. Starting from retinal organoids, the aggregates were broken up and
cultivated on flat 2D substrates from D7 onwards in the presence of the Wnt-
activator CHIR99021 and FGF-receptor inhibitor SU5402. This protocol quite
reliably lead to the differentiation of cell sheets demonstrating the typical honey-
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combed morphology and expression of RPE markers like RPE65, Mitf, Sox9, Otx2

and Zo-1. Additionally, the cell sheet showed an apico-basal polarity and some
level of functionality via the internalization of fluorescently labeled latex beads.

An important feature for downstream application of the differentiated RPE
cells is the ability to passage the cells. While reports demonstrate the capacity
of hESC derived RPE to get passaged, Yuko Iwasaki and colleagues attempted
passaging, but they report loss of and inability to regain epithelial structure upon
reseeding (Croze et. al 2014; Iwasaki et. al 2016). We also attempted passages of
the obtained RPE sheets, however, our observations match the reports by Yuko
Iwasaki and colleagues. This might indicate different stages of development
of cells obtained from the various protocols. Potentially, mouse ESC-derived
RPE cells rather quickly differentiate terminally, while human iPSC-derived RPE
cells retain some level of progenitor-like state, allowing proliferation and, thus,
passaging of the cells (Salero et. al 2012).

To circumvent the problems of passaging the cells, instead of using normal
tissue culture plates, cultivation and differentiation on moveable substrates would
be feasible. We attempted and succeeded in the cultivation on Corning Transwell-
inserts ™, offering some level of flexibility. Other membrane-systems as cell culture
surface would also be feasible. Many polymer-based products are available, but
there are also commercial extracellular matrix protein-based membranes available
for cell culture, for example Collagen Cell Carrier membranes by Viscofan Bio
Engineering. These products could offer much needed flexibility to the mouse
ESC-derived RPE cells.

7.5.2 Co-culture of RPE and Retinal Tissues

Given that the interactions of RPE and neural retina, especially the PR layer, are
of great importance for correct development and function of the tissues, the lack
of direct contact of these tissues in most in vitro systems is critical. Many reports
regarding retinal organoids identified RPE-like regions within the aggregate, but
in most cases they were distant to the neural retina sections (Eiraku et. al 2011).
Along these lines, in order to create a more relevant system, a combination of
RPE and neural retina in vitro would be desirable. Various reports have shown
beneficial effects of co-cultured RPE cells and neural retina, leading to reduced
apoptosis in explant co-cultures compared to only neural retina cultures, better
maintenance of tissue structure and cellular organization as well as reduced level
of immunoreaction (Di Lauro et. al 2016; Ghareeb et. al 2020; Kaempf et. al 2008).

In the recent past, co-cultures of stem cell-derived tissues have also been
conducted. They showed accelerated PR differentiation, an effect which could not
be achieved by conditioned media addition (Akhtar et. al 2019). Furthermore, in a
sophisticated co-culture setup using also a microfluidic system, enhanced outer
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segment formation was observed in co-cultured retinal organoids (Achberger
et. al 2019). These examples clearly demonstrate the beneficial effects of direct
co-culture of RPE and neural retina.

Initially, we aimed for a co-culture setup seeding RPE cells inside a 3D substrate
and adding neural retina cells afterwards. However, as the RPE cells did not regain
their morphology after passaging, this approach could not be realized. Keeping
the cellular organization of the retinal cells cultivated in pillar arrays in mind, with
PR-like cells preferentially localizing to the upper part of the cellular construct,
a direct co-culture system would be conceivable where a monolayer of RPE
cells is cultivated on a 2D substrate and the cover slip with the pillar array is
turned upside down, to allow contact of the PR-like cells with the separately
cultivated RPE. Similar to the procedure described by Kevin Achberger and
colleagues, to avoid direct contact of RPE and neural retina cells, a hydrogel could
be incorporated in this setup (ibid.). Furthermore, a culture system without direct
contact of RPE and neural retina cells could be conceivable. In this case, the
differentiation and maturation of the neural retinal cells would be modified via
secreted proteins and factors from the RPE-layer. Consequently, an organotypic
culture system containing all retinal cell types could be achieved, offering more
options of unraveling basic developmental and tissue organizational questions as
well as improving the outcome of in vitro retinal cell culture.
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Conclusion and Outlook

The overarching aim of this thesis was the differentiation of retinal cells, design
and fabrication of 3D substrates and ultimately the combination of these two
components. While we attempted different protocols for the generation of retinal
cells, only the retinal organoid protocol lead to retinal induction in our hands. The
addition of AGN193109 and differentiation media containing 5% KSR drastically
improved the outcome of the protocol, leading to induction of retinal fate in most
aggregates. However, no retinal induction was observed when using various small
molecules and growth factors to induce retinal fate in stem cell aggregates. More
focused work will have to be put into the induction of retinal fate using other
protocols than organoids. A lot of work has been done in this direction using
human stem cells, but in order to replicate these results with mouse embryonic
stem cells, deviations in concentration and time of addition would have to be
tested.

Retinal organoids show the presence of most cell types and an organization
relatively close to the in vivo situation. However, in many cases the RPE is
completely missing, or is in areas distant to the retinal parts. Hence, we also
differentiated RPE cells in a separate 2D culture system. The purity of the obtained
cell sheets was to a rather high degree and the presence of key marker proteins
validated the fate of the obtained cell type. Furthermore, a polarization of the
cells was also evident and they were able to internalize fluorescently labeled latex
beads, indicating some level of normal functionality. However, these cells proved
impossible to be passaged, which renders them quite inflexible and inefficient for
experimental application.

To fabricate 3D substrates, we employed a commercial direct laser writing
setup. A quite simple substrate design was chosen: a pillar array with 28x28

pillars of 70 µm height, distanced 20 µm from edge to edge. With this 3D substrate
design we attempt to replicate the dimensions of the retina to some extend.
The pillars are supposed to adopt stabilizing functions characteristic for Müller
glial cells. Scanning electron microscopy validated the substrates design and
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immunocytochemical stainings of pillar arrays coated with LN proved the protein-
adhesive properties of the pillars, while the area surrounding the pillars were
written in a protein-repellent photoresist.

In order to combine retinal cells generated via organoids with 3D substrates
produced via DLW, we enzymatically and mechanically dissociate the organoids
at D14, a stage where they mostly consist of retinal progenitor-like cells. Prior to
seeding, the pillar arrays were coated with LN. Per substrate, three dissociated
organoids were seeded, resulting in a thin layer of progenitor-like cells. The
cells started to coalesce and form smaller clusters. With prolonged cultivation,
the progenitor-like clusters continued to proliferate, ultimately leading to the
formation of a uniform cell layer within the confines of the pillar array. Throughout
cultivation, we did not detect a detrimental effect of the 3D substrate on the
survival of the cells. The cell layer remained GFP+ and also retained their
morphology and integrity to a higher degree than age-matched organoids. This
suggests a positive effect of the 3D substrates on the long-term morphology and
integrity of the cell sheets.

The cellular organization within the pillar arrays was also assessed via im-
munocytochemistry, revealing the presence of all retinal cell types but RPE. Even
the presence of synaptic vesicle markers was observed. In some cases, the markers
examined showed a preferential localization. The PR markers Rcvrn and Otx2

were often localized to the upper part of the pillar arrays, while INL markers
like Sox9 and Pax6 rather localized to the central and lower parts of the pillar
arrays. This suggests some level of intrinsic self-organization programs within
retinal organoid-derived cell sheets. Additionally, the cells cultivated in pillar
arrays could be maintained for a longer time than was the case for free-floating
organoids.

In this thesis, a basic cultivation system combining retinal cells and 3D sub-
strates was successfully established. However, there are still many different
avenues to improve the cultivation system. Some of these options will be shortly
introduced in the following:

1. Different 3D substrate designs
The 3D substrate design was chosen within the scope of technical options

and the dimensions observed in the retina. However, the direct laser writing
setup is quite flexible in which types of architectures to fabricate. Basically, any
given design can be produced, as long as it is structurally stable. As the general
idea of combining retinal cells and DLW-produced substrates proved successful,
the influence of different substrate designs on the behaviour and differentiation
potential of the cultivated cells can be examined. 3D substrate designs like the
microchannels known from previous publications, bowl-like structures, stacked
beams leading to a ’woodpile’-like structure or interlinked pillar arrays could
be tested. Biodegradable photoresists have also been applied in 3D substrate
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production, which could be tested for these applications as well.

2. Combination with growth/lamination factors
Development and cellular organization in vivo is orchestrated by a combination

of different morphogens. While retinal organoids differentiate in the absence of
these inducing factors, they might nonetheless have a positive influence on the
outcome of the differentiation process, both, in organoids and when cultivating
organoid-derived retinal cells on 3D substrates. Thus, a combination of the 3D
substrate cultivation system with different growth and lamination factors could be
tested. These factors could either be added to the culture media in a soluble form,
or in contrast to the organoid system, the 3D substrates would also allow for a
surface coating. Hence, a gradient of factors or a coating restricted to certain areas
of the 3D substrate would be conceivable. While in this work the pillar arrays
were coated with LN, surface coatings with other ECM-proteins would also be an
option.

3. Composite scaffolds
By now, a plethora of different production methods for 3D substrates are avail-

able, each catering to different niches regarding material property, dimension and
downstream modifications and applications. In order to generate an organotypic
system, multiple fabrication methods can be combined to use the advantages of
different methods to their fullest. We started a cooperation to combine the pillar
arrays with electrospun nanofibers (Bentele et. al 2019). A polymer suspension is
ejected through a needle, the application of a high voltage electrical field leads to
the elongation of the solution droplet and the deposition of the resulting stream as
a fiber to the substrate. Both, the dimension and the composition of the fibers can
be modified. These fibers could function as additional substrates and anchoring
points for retinal cells cultivated in the pillar arrays, potentially offering a closer
replication of the in vivo situation.

Three-dimensional scaffolds could also address the earlier stages of organoid
development. A key event during retinogenesis is the optic vesicle and successive
optic cup formation. The OV gets into close contact with the surface ectoderm,
an important signaling niche, leading to the invagination and OC formation.
Morphogens secreted by the surface ectoderm are crucially involved in the OC
formation and retinal differentiation.

The structure and function of the surface ectoderm could be mimicked by some
type of substrate. On the one hand, this structure would have to offer the limiting
function of the surface ectoderm, on the other hand it would also function as a
secretion hub for morphogens. This could be achieved via prior loading of the
substrate with the corresponding morphogens. To this end, a lot of work has been
conducted in the field of controlled drug release. Polymeric film-based systems
allow an automatic and gradual release of contained drugs. Along the same lines,
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the application of surface-anchored metal-organic frameworks (SURMOFs) could
also achieve the same goal of controlled and gradual morphogen release (Begum
et. al 2019). A combination of such polymeric films and 3D-fabricated structures
could offer a system closely resembling the in vivo situation.

4. Co-cultivation with RPE

The RPE is a key structure for the maintenance and functionality of the retina.
In most in vitro systems for differentiating retinal tissue, the RPE is lacking or not
in direct contact to the neural retina. In order to design a more reliable and mean-
ingful in vitro cultivation system, the combination of neural retina and RPE to one
co-cultivation system is of utmost importance. We already have the tools at hand,
now the combination of the components needs to be tested in the laboratory. To
initially get a grasp on the system, co-cultivation of RPE and organoids would be
the first step. With the insights gained from this system, the co-cultivation of RPE
and retinal tissues cultivated in 3D substrates could be subsequently attempted.

5. Transition to a human stem cell based system

A system based on mouse pluripotent stem cells has a number of advantages:
the cultivation time of 25 to 50 days is rather short, making it quite flexible and
perfect to establish the basic system. Already, a lot of work with murine retinal
organoids has been done, offering a large fundus of knowledge about the system
and how to manipulate it. However, some differences between the murine and
human system exist, which also become apparent in the possible cultivation time
while still maintaining the morphology, the level of differentiation and cellular
organization achieved. However, one massive downside is the extended time
required to obtain retinal fate and for the differentiation process to take place.
Therefore, after establishing the basic system for cultivating retinal cells in 3D
substrates, starting work on a human based system in parallel would be interesting.
On the one hand it would be interesting to see if depending on the cell source, the
cultivation in 3D substrates differs, on the other hand, potentially having medical
downstream applications in mind, a system based on human cells would have a
higher impact.

To summarize, in this thesis the generation of retinal organoids is shown
and their combination with DLW-produced pillar arrays. The substrates had no
negative effect on the viability of the cells and served as a defined cultivation
environment. Retinal cells cultivated in LN coated pillar arrays proliferated readily
to ultimately fill the whole confines of the substrate. The cultivation time could
be extended in the 3D substrates compared to the free-floating organoid system,
while still maintaining some level of structure. Furthermore, the seeded retinal
progenitor-like cells continued their differentiation program, giving rise to cells
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expressing in total all markers of the retinal cell types. In some cases we also
observed a preferential distribution of cells positive for certain markers within the
pillar array, indicating some level of self-organization within the retinal cells.

This demonstrates the general feasibility of combining retinal cell culture with
defined 3D substrates for long-term cultivation. In subsequent work, a plethora
of changes and modifications to the system would be conceivable (some of them
listed above), potentially leading to the generation of more meaningful in vitro
cultivation systems.
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Abbreviations

Table 9.1: Abbreviations

AC Amacrine cell
AF AlexaFluor
BC Bipolar cell
BMP Bone morphogenetic protein
D Day of differentiation protocol
DAPI 4’6-Diamidin-2-phenylindol
DKK Dickkopf
DLW Direct laser writing
DV Dorso-ventral
ECM Extracellular matrix
EFTF Eye field transcription factor
FGF Fibroblast growth factor
GC Ganglion cell
GCL Ganglion cell layer
(e)GFP (enhanced) Green fluorescent protein
GFAP Glial fibrillary acidic protein
HC Horizontal cell
(S)HH (Sonig)Hedgehog
INL Inner nuclear layer
IPL Outer nuclear layer
Islet1 Insulin gene enhancer protein 1

LN Laminin
m/h ESC mouse/human embryonic stem cells
m/h iPSC mouse/human induced pluripotent

stem cells
Mitf Microphthalmia-associated transcrip-

tion factor
OC Optic cup
ONL Outer nuclear layer
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Table 9.1: Abbreviations

OPL Outer plexiform layer
Otx2 Orthodenticle homeobox
OV Optic vesicle
o/n over night
Pax6 Paired box protein 6

PDMS Polydimethylsiloxane
PFA/GA Paraformaldehyde/Gluaraldehyde
PI Propidium Iodide
PR Photoreceptor
RPC Retinal progenitor cell
RPE Retinal pigment epithelium
Rx Retinal homeobox
SEM Scanning electron microscopy
Sox9 SRY-box transcription factor 9

Vsx2 Visual system homeobox 2

WNT Wingless and Int-1
ZO-1 Zonula occludens-1
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